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Abstract
Geochemical and isotopic (Pb, Nd, Sr, Ca, O and C) data are presented for a wide variety of potassic, 
kimberlitic and carbonatitic rocks. On the basis of differences in major- and trace-element geochemistry, 
isotopic characteristics and tectonic setting, the potassic rock suite has been divided into two sub-groups. 
These sub-groups are also considered to reflect important petrogenetic differences. Representatives of the 
"anorogenic" potassic sub-group are confined to stabilised Archaean or Early Proterozoic crustal blocks 
and adjacent mobile belts and are characterised by high K20 /Na2Ü ratios (molar K20 /Na20  > ~3), high 
T1O2 (> ~2 wt%), K2O, P2O5 and incompatible trace-element abundances (e.g. Ba, Rb, Th, Sr, Zr, and 
the light rare-earth elements) and low AI2O3, CaO and Na2Ü abundances, generally radiogenic 87Sr/86Sr 
and unradiogenic 143Nd/144Nd and 206Pb/204Pb. Examples of anorogenic sub-group potassic magmas 
include the lamproites from the West Kimberley region of northwestern Australia and from the 
Holsteinsborg region of central west Greenland, Gaussberg leucitites, the Priestley Peak melasyenite from 
east Antarctica, and the madupites, orendites and wyomingites from Leucite Hills, Wyoming. 
Representatives of the "orogenic" potassic sub-group are largely confined to Phanerozoic tectonic settings 
and have generally lower Ti02  (< ~2 wt%), Nb, Ta and Zr, less radiogenic 87Sr/86Sr and more radiogenic 
143Nd/144Nd and 206Pb/204Pb than representatives of the "anorogenic" sub-group. Orogenic potassic 
magmas also typically have lower abundances of the light rare-earth elements, and some representatives 
possess negative Eu anomalies. Examples of this sub-group include potassic lavas from Italy and from 
oceanic regions such as the Sunda and Banda sectors of the Indonesian arc and Ullung-do Island. A few 
potassic occurrences from orogenic tectonic settings have characteristics which are transitional between the 
two sub-groups (i.e. the southeastern Australian leucitites, which have higher TiC>2, and the Spanish 
lamproites, which have higher K2 0 /Na2 0 , lower CaO and Na2 0 , more radiogenic 87Sr/86Sr and 
unradiogenic 143Nd/144Nd, compared to other representatives of the orogenic sub-group). Both sub­
groups possess trace-element and isotopic features which are consistent with the contamination of their 
magma sources by incompatible-elemcnt-rich and isotopically-evolved "metasomatic" components. It is 
proposed that these metasomatic components are principally derived from subducted sedimentary material. 
In the case of the anorogenic sub-group, the subducted sediments (or metasomatic components derived 
from them) have been stored for long periods within the subcontinental lithosphere. The increase in U/Pb 
of MORB and ocean-island reservoirs with time, as indicated by their position to the right of the geochron 
on the 206Pb/204Pb-207Pb/204Pb diagram, can be accounted for by the existence of substantial 
reservoirs of low-U/Pb, sediment-derived components within the subcontinental lithosphere.
Geochemical data obtained for 13 carbonatites from Africa, Australia, Brazil, Europe and the United 
States indicate that they possess generally high Ba, Th, LREE, Sr and low Cs, Rb, K and HREE 
abundances. Some examples have low Ti, Nb, Ta, P, Zr, Hf and U concentrations which are consistent 
with variable fractionation of sphene, apatite, perovskite, monazite or zircon. The carbonatite samples 
examined range in age from Proterozoic to Tertiary and possess a range in initial 87Sr/86Sr of 0.7020 to 
0.7054, initial £Nd values of -0.4 to +3.8 and (with the exception of the Brazilian Jacupiranga carbonatite) 
generally radiogenic initial Pb isotopic compositions. 5180 sm0W of the intrusive carbonatites range 
from +5.5 to +12.4 %o. Higher 5180 sm0W values of +14 and +17 %o are found in the volcanically- 
emplaced Proterozoic Goudini complex of South Africa, suggesting the involvement of secondary
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alteration processes. 5 13Cpd b  ranges from -0.5 to -6.6 %o with samples having near-primary 
S18Osmow  (between +5.5 and +8 %o) possessing 513Cpdb between -2.9 and -6.6 %o. On the initial Sr- 
Nd isotope diagram, most carbonatites plot below the mantle array and below or within the field 
characteristic of many ocean-island basalts. The Pb isotopic compositions of carbonatites generally lie 
along the array defined by oceanic basalts. The isotopic similarities between ocean-island basalts and 
carbonatites from a number of continents favour an asthenospheric mantle "plume" origin for carbonatites. 
This conclusion suggests that some ocean-island alkali basalts may have been derived from trace-element- 
depleted mantle sources which have been re-fertilised by low-viscosity, trace-element-rich carbonatitic 
melts. The common close spatial and temporal association and the overlap in trace-element geochemistry 
and isotopic characteristics of Group 1 (basaltic) kimberlites and carbonatites argues strongly for a genetic 
relationship. Although secondary differentiation processes such as late-stage melt/vapour fractionation 
may play some role, the extreme LREE-enrichment typical of carbonatites requires their derivation by 
small degrees of melting (<~1%) from a garnet-rich eclogitic source. This source may originally have 
been CO2- and volatile-rich subducted oceanic lithosphere.
Calcium isotopic data are presented for oceanic basalts, potassic igneous rocks, carbonatites, a marine 
carbonate, a trough sediment, and chemical and clastic sediments from Archaean and Proterozoic terrains. 
An overall external precision of ±0.018% (95% confidence) was obtained for 40Ca/42Ca measurements. 
By comparison with the mid-ocean ridge basalt, no resolvable enrichments in 40Ca from radiogenic decay 
of 40K were detected in the Hawaiian ocean-island or Banda and Aleutian island-arc samples, the marine 
carbonate, the trough sediment or in the carbonatite samples. Potassic rocks from the West Kimberley 
region, Gaussberg and southeastern Spain also possess 40Ca/42Ca ratios which are analytically 
indistinguishable from the value found in oceanic basalts and carbonatites, suggesting that; a), the 
increase in K/Ca of the sources of these potassic magmas occurred some time after the trace-element- and 
LREE-enrichment, b). the K/Ca ratio of the magmas has been increased substantially during partial 
melting or melt extraction, and/or c). the calcium in the magmas has been diluted by mixing with 
unradiogenic calcium derived from other sources. In contrast, enrichments in 40Ca were detected in 
genetically-unrelated kimberlitic and potassic intrusions from the Holsteinsborg region of central west 
Greenland. The excess 40Ca in the Greenland kimberlites is unsupported, indicating that the K/Ca ratio 
has been reduced, probably during extraction of the kimberlite magmas from CC>32"-rich sources. The 
radiogenic 40Ca/42Ca of the Greenland kimberlites is not accompanied by radiogenic 87Sr/86Sr, 
suggesting that the kimberlite major- and trace-element components have been decoupled, possibly with 
much of the major elements derived from the subcontinental lithosphere and the trace elements largely 
derived from sources located within the asthenosphere. The radiogenic 40Ca/42Ca of the Greenland 
lamproites is consistent with their derivation from subcontinental lithospheric sources which have been 
enriched in K for >1 Ga prior to their emplacement. Gypsum samples and pelitic clastic sediments from 
Archaean and Early Proterozoic terrains possess substantial enrichments in 40Ca relative to oceanic 
basalts. Application of the 40K-40Ca decay scheme using presently available technology can provide 
useful petrogenetic and chronological information which complements that provided by other techniques.
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11. BACKGROUND TO AND AIMS OF THIS RESEARCH
1.1 Introduction
The recent identification in olivine- and leucite-lamproites from the Kimberley region, Western 
Australia, of Sr and Nd isotopic compositions indicating derivation from ancient (>1 Ga) "enriched" 
(radiogenic 87Sr/86Sr, unradiogenic 143Nd/144Nd) mantle sources (McCulloch et al. 1983) has led to 
speculation that much of the isotopic diversity displayed by mantle-derived magmas may be the result of 
mixing between such enriched mantle reservoirs and mantle possessing more typical isotopic 
compositions. Although similar unusual Sr and Nd isotopic compositions have also been found in some 
continental tholeiitic suites (for example, in continental tholeiitic suites from South Africa, Antarctica, 
India, North America and Tasmania), it has not been possible to discount the influence of crustal 
contamination on the isotopic compositions of the magmas during their ascent and emplacement in these 
cases. McCulloch et al. (1983) argued that the Sr and Nd isotopic compositions of the Western 
Australian lamproites are unlikely to be the result of crustal contamination processes as the lamproites 
possess extreme enrichment in the light rare-earth elements and Sr, making their isotopic compositions 
insensitive to contamination processes and requiring the assimilation of large amounts of crustal material. 
There is no evidence of such extensive contamination in the major- and trace-element geochemistry of the 
lamproites. Further examples of magmas believed to be derived from so-called "enriched mantle" sources 
have also recently been recognised (e.g. Smith 1983, Vollmer and Norry 1983a, Vollmer et al. 1984, 
Fraser et al. 1985, Nelson et al. 1986a and this thesis), suggesting that such isotopically unusual 
components may play a significant role in the Earth's geochemical and isotopic evolution.
This research was initiated in an attempt to characterise these isotopically anomalous mantle 
components, to assess their global significance and to investigate their possible modes of origin. It is the 
purpose of this introductory chapter to familiarise the reader with the basic principles of the investigative 
methods used and provide a general overview of the problems examined during this research. The use of 
radiogenic isotopes as mantle tracers will be briefly outlined, followed by a general discussion of some 
relevant aspects of mantle evolution and possible implications for the origins of isotopically-anomalous 
mantle components. Since this study began, the emphasis of research has expanded and diversified 
considerably- from initially concentrating primarily on an examination of one particular group of 
magmas, the ultrapotassic suite, into the consideration of a wide range of broadly-related geological 
problems such as the origins of kimberlites, carbonatites and ocean-island magmas, the mode of growth of 
the continental crust and evolution of the subcontinental lithosphere, the chemistry of marine sediments 
and the global implications of mantle recycling of crustal material via subduction. This chapter will also 
attempt to clarify how consideration of these diverse areas of research may contribute to an investigation 
of the origins of isotopically anomalous mantle components.
1.2 Application of isotopes as tracers
Apart from their geochronological applications, radiogenic isotopes can also provide information 
about incompatible-element enrichment and depletion events within magma source regions. The use of 
isotopes as mantle tracers has expanded considerably since the development and application in the 1970's 
of the 147Sm-143Nd isotope system, which provided a means of determining the time-integrated history
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87of light rare-earth element enrichment of magma source regions. When used in conjunction with Rb- 
87Sr, 232Th- 235, 238U- 208, 207’ 206Pb and other radiogenic decay systems, a powerful tool for the 
investigation of the Earth's differentiation history became available. Early isotope tracer studies (such as 
those cited in DePaolo 1979) found that the 87Sr/87Sr and 143Nd/144Nd characteristics of a wide range of 
mantle-derived magmas show a strong negative correlation. This is believed to reflect the similar 
behavior of Rb/Sr and Nd/Sm ratios during partial melting and magmatic differentiation processes. 
However, the ratios Th/Pb and U/Pb do not appear to have behaved in a simple manner throughout the 
Earth's differentiation history and mantle-derived magmas display a wide range of Pb isotopic 
characteristics which are not simply correlated with the other isotope systems. It is for this reason that 
this study has a strong reliance on the U-Pb isotope system (despite analytical difficulties which limit its 
potential usefulness) used in conjunction with Rb-Sr and Sm-Nd.
Most radiogenic isotope tracer schemes in common use (such as those outlined above) are based on 
elements which occur in only trace amounts in most mantle-derived rocks. There is, however, 
accumulating evidence that the major-element and trace-element components of some mantle-derived 
magmas have undergone divergent evolutionary histories, and that trace-element components have in some 
instances been introduced to the source regions of some magmas from other sources. The term 
"metasomatism" is sometimes applied to describe this process of the decoupling of major and trace 
elements. (Unfortunately this term is currently used rather loosely and there is no consensus as to its 
meaning. In this thesis, the term "metasomatism" will be applied in a very general sense, to denote the 
process or processes responsible for the introduction of foreign components, via melts or fluids, to 
regions of the mantle). One decay scheme, based on the decay of the radiogenic isotope 40K to 40Ca 
(t j !2 = 1.47 Ga), potentially enables investigation of the evolutionary histories of the major-element 
components of rocks. Until recently, application of the 40K-40Ca decay scheme was severely limited by 
a number of analytical difficulties. However, re-assessment of these difficulties undertaken as part of this 
research has suggested that an important new mantle tracer, based on the major element calcium, can be 
usefully applied to a wide number of geological problems. Further discussion of this investigation of the 
40K-40Ca radiogenic decay scheme is given in Section C of this thesis.
1.3 Enriched mantle components and isotope systematics
In its current usage, the term "enriched mantle" refers to those mantle components having initial 
87Sr/87Sr and 143Nd/144Nd compositions lying within the lower right-hand quadrant of the Sr-Nd 
isotope diagram (see, for example, Fig. 2.4), in response to a time-integrated history of high Rb/Sr and 
Nd/Sm compared to Bulk Earth estimates. Such components are also typically enriched in incompatible 
elements such as K, Cs, Ba, Th, U, Pb and the light rare-earth elements compared to "depleted" mantle 
components such as those from which mid-ocean ridge basalts are derived. As the upper continental crust 
generally also plots within the enriched quadrant, it is necessary to evaluate the possible influence of 
crustal contamination processes on magmas having enriched mantle isotopic signatures. The isotopic 
characteristics of magmas derived from enriched sources can potentially offer some constraints on the 
timing of the enrichment events, providing that mixing with other components, such as the continental 
crust and more typical mantle, can be discounted. The Sm-Nd isotope system is the most useful in this 
respect, as the similar chemistries of Sm and Nd allow the Nd isotopic evolution trajectories of the source
3regions to be approximated by the Sm/Nd ratio measured in the extracted magma (see Fig. 1.1). Because
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the Sm/Nd ratio of the melt is likely to be than that of the source and the initial isotopic
composition of the source is unknown, Sm-Nd model ages are usually interpreted as minimum estimates 
of the time elapsed since the Nd/Sm ratio and Nd isotopic composition diverged from model mantle 
values. Pb-Pb "mantle isochrons" have also been used to date mantle enrichment events (e.g. Vollmer 
and Norry 1983a, 1983b) but in many cases these Pb-Pb isotope arrays are mixing lines and have no age 
significance.
Although enriched mantle components are primarily identified on the basis of their Sr and Nd 
isotopic characteristics (in conjunction with other aspects of major- and trace-element geochemistry), 
application of the Pb isotope system has provided some interesting insights into the evolution of these 
components. In contrast to the Rb-Sr and Sm-Nd isotope systems, which apart from indicating a 
time-averaged history of high Rb/Sr and Sm/Nd, cannot provide any information about the time-dependent 
variation of these ratios, the coupled decay of 235U to 207Pb and 238U to 206Pb enables constraints to 
be placed on the time-dependent variation of U/Pb within enriched mantle sources. This is illustrated in 
Fig. 1.2. The geochron is the isochron on which all present-day terrestrial (~4.5 Ga old) single-stage 
(constant U/Pb) Pb compositions should lie if their initial Pb isotopic composition were that of 
primodial Pb (approximated by the most unradiogenic Pb known, that of Canyon Diablo troilite). As the
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Fig. 1.2 Growth curves for 238U/204Pb = 6, 7 and 8 for terrestrial Pb, displayed on a 207Pb/204Pb- 
20°Pb/204Pb diagram. Most oceanic Pb, including that of mid-oceanic ridge and ocean-island basalts, 
plots to the right of the present-day geochron, indicating derivation of oceanic basalts from sources which 
have undergone a recent increase in U/Pb. Western Australian lamproites have Pb isotopic compositions 
lying to the left of the geochron and have more radiogenic 207Pb/204Pb (see Chapter 3 of this thesis), 
indicating a complex multistage history of U/Pb variation.
half-life of the decay of 235U to 207Pb (tj/2 = 713 Ma) is substantially shorter than the half-life of 238U 
to 206Pb (t j /2 = 4.51 Ga), most of the 235U has decayed since the Earth’s formation and the 
207Pb/204Pb ratio is therefore more sensitive to variation in the U/Pb ratio in the early stages of the 
Earth's history. Most young mid-ocean ridge and ocean-island basalts have Pb isotopic compositions 
which lie to the right of the geochron, indicating that the U/Pb ratios of their sources have not remained 
constant but have increased with time. This has been variously attributed to the preferential loss of Pb 
relative to U from the Earth's mantle to the core (cf. Vollmer 1977a, Allögre et al. 1982), the storage of 
Pb in the lower crust (O’Nions et al. 1979) or the recycling of U-rich sediments into the deep mantle 
(Hofmann and White 1980). However, as will be shown later in this thesis, lamproites from the West 
Kimberley region of Western Australia possess Pb isotopic compositions which lie to the left of the 
geochron and have considerably more radiogenic 207Pb/204Pb than most oceanic Pb (Fig. 1.2). This 
indicates a multistage history of U/Pb variation, involving an earlier period of high U/Pb in order to 
increase the z 'Pb/zu^Pb ratio, followed by a more recent period of low U/Pb to retard the evolution of 
the 206Pb/204Pb ratio. One of the most intriguing findings of this research is that similar Pb isotopic 
compositions, requiring the same unusual history of U/Pb variation, are also found in many other 
examples of potassic magmatism derived from enriched mantle sources. Possible reasons for this are 
discussed in some detail in Chapter 7 of this thesis.
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1.4 Mantle components and potassic, kimberlitic and carbonatitic magmatism
Earlier Sr isotopic studies, such as those of Hoefs and Wedepohl (1968), Bell and Powell (e.g. Bell 
and Powell 1969, Powell and Bell 1970) and Vollmer (1976), found that highly potassic magmas 
commonly possessed radiogenic initial 87Sr/86Sr. (Throughout this thesis, the term "potassic" is applied 
to rocks having molar K^O/l^^O considerably greater than unity and the term "ultrapotassic" used to refer 
to rocks having molar K^O/Ns^O  greater than 3). It was generally widely accepted that this was due to 
extensive interaction of the magmas with the intruded continental crust. However, a few more recently 
published Nd isotopic studies (e.g. McCulloch et al. 1983, Collerson and McCulloch 1983) have argued 
that, at least in a few specific cases, this explanation is not tenable. As no satisfactory mechanism had 
been advanced to explain the unusual chemical characteristics (such as the high K/Na ratios) of potassic 
magmas, this research initially concentrated on the isotopic and geochemical characterisation of potassic 
magmatism, in order to determine whether the unusual geochemical and isotopic properties of these 
magmas were the result of extensive interaction with continental crust or the result of their derivation 
from geochemically- and isotopically-anomalous mantle sources.
The common close spatial association of potassic, kimberlitic and carbonatitic magmatism and their 
supposed close geochemical affinities led some earlier workers (e.g. Holmes 1932, Wade and Prider 1940, 
Borley 1967, Cundari 1973) to suggest that a genetic connection exists between these magmas. The 
existence of a possible genetic relationship is testable using isotopic tracers, so examples of carbonatitic 
and kimberlitic magmas were also examined during the course of this research. Although suggesting a 
genetic link between carbonatites and Group 1 (basaltic) kimberlites, the results of this investigation rule 
out the possibility of a genetic link between the potassic igneous suite and carbonatitic magmas. The 
long-term evolutionary histories of the sources of Group 1 kimberlitic and carbonatitic magmas, as 
indicated by their Sr, Nd and Pb isotopic compositions, are generally similar to those inferred for the 
sources of alkali basalts from some ocean islands, implying that similar processes may have been 
involved in the generation of these groups. There are, however, many examples of continental provinces 
(for example, South Africa, central west Greenland, the Kimberley region of Western Australia and the 
Arunta region of Central Australia) in which potassic magmas apparently derived from enriched mantle 
sources occur in close proximity to kimberlitic and/or carbonatitic magmatism. It is also notable that 
volcanics of the Italian and Spanish potassic provinces have isotopic characteristics extending from one 
end-member isotopically resembling some ocean islands (i.e. the Pietre Nere volcano, which isotopically 
resembles the St Helena type of ocean island) to another end-member having enriched mantle isotopic 
characteristics (Vulsini, Sabatini, Vico and Spanish lamproites; see Fig. 2.9, p26). Possible 
relationships between kimberlitic, carbonatitic and ocean-island magmatism and of these magma types and 
potassic magmatism are discussed in later sections of this thesis.
1.5 Possible mechanisms for the generation of mantle isotopic heterogeneities
It is now generally accepted that the Earth's upper mantle and the overlying lithosphere are 
geochemically and isotopically heterogeneous and must somehow be segregated into a number of globally 
extensive but not necessarily continuous reservoirs, each having their own distinctive isotopic 
characteristics. For example, the isotopic evidence indicates that the source regions of many ocean-island 
alkali basalts and of tholeiitic basalts erupted at oceanic spreading centres have undergone divergent
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evolutionary histories for at least 1 Ga. There is presently no consensus about the overall configuration 
of long-lived global heterogeneities within the Earth or the processes causing them. It is, however, worth 
emphasising that while the existence of similar isotopic characteristics in a particular group of 
mantle-derived magmas may suggest that they have been derived from a common reservoir (e.g. a 
primitive, undifferentiated mantle reservoir or an incompatible-element-depleted mantle reservoir), it may 
also simply indicate the involvement of a common process in the generation of members of each group, 
possibly during many independent and unrelated events, so producing a similar geochemical (and 
consequently, isotopic) result. Any consideration of the origins of enriched or other components within 
the mantle should therefore entail consideration of the processes by which such components are generated. 
Although this may seem an obvious point, there has been a tendency in the geological literature to 
blandly attribute any variety of unusual geochemical and isotopic properties to "the subcontinental 
lithosphere" or to "heterogeneities within the mantle" without any real regard to their cause. The primary 
emphasis of this research is to elucidate the mechanisms by which these mantle heterogeneities may arise.
The diverse isotopic features of some continental provinces have been interpreted as evidence for the 
existence of long-lived isotopic heterogeneities within the subcontinental lithosphere (cf. Allegre et al.
1982) . The advent of models advocating an important role for the subcontinental lithosphere in 
generating isotopic heterogeneity within the convecting mantle (for example, McKenzie and O'Nions
1983) has further emphasised the need for isotopic characterisation of the subcontinental lithosphere. 
Such isotopic characterisation also has important implications for the Earth's thermal and isotopic 
evolutionary history and in the assessment of models of crustal growth, such as lateral accretion versus 
underplating models. The recent discovery of Sr and Nd isotopic compositions indicating ancient 
enrichment in sub-calcic garnet inclusions within diamonds from African kimberlites (Richardson et al.
1984) has been interpreted as indicating that the subcontinental lithosphere beneath the South African 
continent has been stabilized to depths extending to the diamond stability field since the Archaean. As 
many occurrences of alkaline magmatism possessing isotopically-evolved features are found in old stable 
cratonic regions, the subcontinental lithosphere may be the site of storage of these enriched mantle 
components. The mechanisms producing incompatible-element enrichment at these great depths remain 
unknown but may involve processes such as the incorporation within the base of the subcontinental 
lithosphere of low-velocity-zone melts, the underplating of hotspot plume melts, as has been suggested 
by Brooks et al. (1976), or by suberetion processes during subduction beneath the continental margin.
It has long been realised that vast quantities of oceanic lithosphere must have been subducted into the 
mantle during the Earth’s recent history, but it is only relatively recently that any consideration has been 
given to the fate of this subducted material. Several authors (e.g. Chase 1981, Hofmann and White 1982, 
Ringwood 1982) have proposed that the isotopic signatures of some ocean-island basalts are consistent 
with their derivation from basaltic oceanic crust which has been subducted into the mantle. This proposal 
stimulated much interest and led to a rapid expansion of the geochemical and isotopic database on 
ocean-island magmas. From these studies, it is now evident that ocean-island basalts possess a wide range 
of isotopic characteristics, some of which could be interpreted as indicating their derivation from subducted 
oceanic crust. In the case of a few ocean islands (e.g. Kerguelen, Gough, Tristan da Cunha and Society 
Islands), which have comparatively higher 207Pb/204Pb and 87Sr/86Sr and lower 143Nd/144Nd, it has 
also been suggested that their isotopic characteristics are consistent with the involvement of subducted
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sedimentary components. The possibility that a link exists between the subduction and mantle recycling 
of oceanic crust and sediments and the generation of potassic, kimberlitic and carbonatitic magmatism will 
also be explored in detail later this thesis.
8SECTION A. POTASSIC MAGMATISM
The following section, consisting of 6 chapters, presents the results of geochemical and isotopic 
investigations of potassic rocks from different tectonic settings. Representatives of the potassic rock suite 
examined in this study have been separated into two main sub-groups; those which occur in late 
Proterozoic or Palaeozoic Fold Belts or intra-oceanic environments, termed the "orogenic" sub-group (the 
subject of Chapter 2), and those which are confined to stable cratonic tectonic environments, termed the 
"anorogenic" sub-group (dealt with in Chapter 3). Because the interpretation of field relationships and 
isotopic data from geologically older rocks requires special treatment, some Palaeozoic and Proterozoic 
occurrences of potassic and kimberlitic rocks from central Australia, east Antarctica and west Greenland, 
are dealt with separately in Chapters 4, 5 and 6. It will be argued in the last chapter of this section 
(Chapter 7) that the division between orogenic and anorogenic potassic igneous suites separates two 
pctrogenetically-related groups which differ only in the extent of involvement of the subcontinental 
lithosphere as a site of temporary storage of their magma sources.
92. Orogenic potassic igneous provinces 
2.1 Introduction
Although many highly-potassic igneous rocks possess geochemical features (such as high Mg- 
numbers and Ni and Cr contents) consistent with a mantle origin, the high K/Na ratios of these magmas 
suggest that they are unlikely to be derived from unmodified or "primitive" mantle sources. Experimental 
work (e.g. Eggler 1978, Wendlandt 1984) has demonstrated that melts of peridotite formed in the presence 
of CO2 at pressures of ~27 kbar would be carbonatitic, whereas the presence of H20  or F may enhance 
the stability of phlogopite (Foley et al. 1986). These studies suggest that small degrees of partial melting 
of phlogopite-bearing peridotite at depths below the level of amphibole stability and in the presence of 
C 0 2 might produce a high-K20  liquid with high Mg/Ca. The prerequisite modification (i.e. by the 
addition of volatiles) of the mantle sources of ultrapotassic rocks has commonly been attributed to 
metasomatic processes, often considered to be associated with either subduction or intraplate rifting (e.g. 
Cundari 1979, Edgar 1980).
That the generation of potassic magmas may be related to the operation of subduction processes is 
suggested by the occurrence of volcanoes erupting potassic lavas in several island arcs (e.g. Batu Tara and 
Muriah volcanoes of the Indonesian arc). Based on geochemical similarities with modern-day arc lavas, 
other recent studies (e.g. Thompson 1977, Holm and Munksgaard 1982, Peccerillo et al. 1984, Venturelli 
et al. 1984, Peccerillo 1985, Rogers et al. 1985) have also suggested that subduction-related processes are 
involved in the genesis of the potassic lavas of Italy and Spain. Ninkovich and Hays (1972) and 
Hatherton and Dickinson (1968, 1969) noted that a positive correlation exists between K20  content and 
depth of earthquake epicentre for island-arc volcanics of the Pacific, Indonesian and Atlantic oceans. 
Ninkovich and Hays (1972) attributed this relationship to the involvement of fluids, derived from the 
subducted slab, which have scavenged potassium from the overlying mantle. Alternatively, the higher 
pressure-temperature stability field of phlogopite compared to other hydrous mantle phases may allow it 
to remain stable to greater depths within the subducting slab. Melts rich in potassium may therefore 
conceivably be derived by the eventual breakdown of phlogopite within the subducted slab, below the 
stability field of amphibole (cf. Fyfe and McBimey 1975).
Some earlier isotopic studies of potassic rocks from tectonically active regions (e.g. Whitford 1978, 
Whitford et al. 1978, Hawkesworth and Vollmer 1979, Nixon et al. 1984) have found that they 
commonly possess radiogenic initial Sr and unradiogenic initial Nd isotopic compositions compared to 
typical mantle values. Although these characteristics may have been acquired by crustal contamination, in 
a few instances the potassic suites are found intruding crustal terrains which may be too young to have 
evolved the radiogenic Sr and unradiogenic Nd isotopic compositions required. Several authors (Chase 
1981, Hofmann and White 1982, Ringwood 1982) have suggested that ancient mantle isotopic 
heterogeneities such as those identified by isotopic studies of some ocean-island basalts may be the result 
of the recycling of oceanic crust and sediments into the mantle via subduction. For example, Ringwood 
(1982) envisaged that partial melts enriched in incompatible elements may rise as magma diapirs from the 
subducted "megalith" as it attains thermal equilibrium with the surrounding mantle. Such plumes could 
also conceivably be the sources of orogenic potassic magmas, providing an explanation for their evolved
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isotopic character.
In this chapter, radiogenic isotopes are applied as tracers in an attempt to investigate the processes 
involved in the generation of potassic magmas located within young orogenic tectonic environments.
2.2 Samples
2.2.1 Southeast Australian leucitites
The southeast Australian olivine leucitites occur as minor flow remnants along a north-south 
trending line extending from central New South Wales to Cosgrove in Victoria (Fig. 2.1). The 
geochemistry and mineralogy of the New South Wales occurrences have been described by Cundari (1973) 
and the Cosgrove occurrence by Birch (1978). Representative geochemical analyses of the lavas are given 
in Table 2.1. The leucitites are characterised by generally high T i02 (3.8 to 7.9 wt%), MgO (4.5 to 15.2 
wt%), K20  (3.7 to 7.3 wt%), P20 5 (0.8 to 2.9 wt%), H20 +, Cr, Ni, Zr, Ba and Sr, and low Si02 (41.8 
to 46.9 wt%), A120 3 (7.5 to 12.1 wt%) and Na20  (0.7 to 3.3 wt%; Cundari 1973). They are located 
within the Lachlan Fold Belt, which consists of Palaeozoic geosynclinal sediments and granites but which 
is possibly underlain by Precambrian basement. Leucitite outcrop distribution was noted by Cundari 
(1973) to conform to regional north-south structural trends, characterised by block-faulting and regional 
uplift. Potassic volcanism is temporally and spatially closely associated with alkali basalts, which 
several studies (e.g. Wass and Rogers 1980, O'Reilly and Griffin 1984) have shown to have been derived 
from metasomatised mantle. Wellman and McDougall (1974) demonstrated a prominent southward 
temporal migration of Cainozoic igneous activity, a feature also displayed by the leucitites, and attributed 
it to the northward migration of the eastern part of the Australian continent over several hotspots. 
Sutherland (1983) proposed that the southerly migration of volcanism may have been related to movement 
of the continent over former sites of sea-floor spreading.
A vitrophyric analcimite occurrence at Inglewood in southeastern Queensland (see Fig. 2.1) was 
described by Wilkinson (1977), who considered the analcime to be an alteration product of leucite. The 
analcimite is believed to be of Cainozoic age (probably Late Oligocene-Early Miocene) and is possibly 
related to the extensive Cainozoic alkali basaltic volcanism of southeastern Queensland.
The Harden olivine analcimite, located -200 km southeast of the New South Wales leucitite 
occurrences (see Fig. 2.1), is of Early Jurassic age (Wellman et al. 1970). Major- and trace-element 
analyses reported by Cundari (1973; see Table 2.1) suggest affinities with mid-Mesozoic 
nepheline-bearing intrusions and minor flows which occur throughout the southeastern highlands region 
of New South Wales.
2.2.2 Spanish lamproites
The location, geochemistry and mineralogy of the ultrapotassic rocks from southeastern Spain is 
given in Venturelli et al. (1984). Representative geochemical analyses of the Spanish lamproites are 
given in Table 2.1. The lamproites have generally variable Si02 (53.4 to 68.5 wt%) and MgO (1.7 to 
16.6 wt%), high K20  (3.7 to 8.8 wt%), P20 5 (0-5 to 2.1 wt%) Ni, Cr, Zr, Ba, Th and the light 
rare-earth elements, and low Ti02 (1.0 to 1.9 wt%) CaO (2.2 to 9.9 wt%), total Fe (calculated as Fe20 3,
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Table 2.1 Major- and trace- element analyses of some representative orogenic potassic rocks examined in this study.
Analysis 1. 2. 3. 4. 5. 6. 7. 8. 9.
Sample GA-3479 E7980 70-139 SP-039 SP-077 VEN-1 CUP-10 ULL-1 AJCF2
Location El Capitan Cosgrove Harden Zeneta Calasparra San Venanzo Cupaello Ullung-do Fiji
Rock-type leucitite leucitite analcimite lamproite lamproite melilitite melilitite leucitite ankaramite
S i09 44.97 42.57 40.51 68.0 54.6 42.0 43.8 44.95
T O 2, 4.68 4.49 4.10 1.03 1.75 0.77 1.2 0.89
a i2o 3 8.60 9.75 10.38 12.6 9.52 10.5 7.4 12.08
Fe2°3 3.02 3.51 4.36 1.92 5.66 2.3 4.7 11.42
FeOa 6.67 8.61 8.43 - - 4.70 2.45 -
MnO 0.12 0.18 0.19 0.01 0.07 0.13 0.12 0.18
MgO 13.64 9.98 12.83 2.01 13.3 13.0 11.3 5.84
CaO 7.89 11.38 10.46 2.42 2.87 15.8 15.4 11.67
Na^O 0.88 2.88 3.50 1.99 0.69 1.00 0.27 2.70
^ 2 ° 7.09 2.96 1.49 7.06 8.86 8.3 4.4 1.44
P2°5 0.87 1.22 0.79 0.89 0.95 0.42 1.28 0.89
h 9o + 0.86 - 2.34 - - 0.20 5.90 -
s o 9 - - - - - 0.11 0.41 -
C 0 2 - - 1.22 - - 0.36 0.40 -
LOI 0.44 1.6 0.35 1.96 1.60 0.52 1.22 -
SUM 99.73 99.13 100.95 99.89 99.87 100.11 100.25
Cr 330 462 265 432 638 923 85 6.5 18
V - - - 86 91 - - - -
Sc - - - 16 14 - - 4.9 36.4
Ni 437 131 349 173 657 104 57 - 17
Co 42 43 43 16 31 31 28 9.7 38
Cu - 70 - 37 75 - - - 38
Zn - 114 - 38 60 - - - 87
Li - - - 33 38 - - - -
Cs - - - - - - - 1.47 4.0
Ba 1100 1022 1140 2040 2050 - - 901 510
Rb 218 82 79 259 541 444 456 155 68
Sr 940 1269 780 568 526 1709 4749 573 870
Pb - - - - - - - - 5
Y - 33 - 25 24 - - - 28
Th - - - 85 112 - - 19.4 1.8
U - - - - - - - 2.1 0.6
Zr 515 367 230 350 680 335 761 391 144
Hf - - - - - - - 12 4.06
Nb - - - 27 32 - - - 1.5
Ta - - - - - - - 6.6 0.3
Mo - - - - - - - 7 6
Sb - - - - - - - 0.16 -
La - - - - - - - 81 21.3
Ce - - - 122 274 - - 142 49.9
Nd - - - - - - - 44 36.8
Sm - - - - - - - 6.1 10.2
Eu - - - - - - - 2.27 2.77
Gd - - - - - - - 5.2 7.1
Tb - - - - - - - 0.83 0.99
Ho - - - - - - - 0.67 1.14
Yb - - - - - - - 2.29 2.85
Lu - - - - - - - 0.321 0.422
a Where FeO is not given, all Fe has been determined as Fe2Oo.
1. New South Wales leucitite analysis from Cundari (1973; his analysis CPT-11-H)
2. Harden analcimite analysis from Cundari (1973; his analysis HAR-II).
3. Cosgrove leucitite analysis (E7980) from Birch (1978).
4 - 5. Spanish lamproite analyses (SP-039 and SP-077) from Venturelli et al. (1984). 
6 - 7 .  Italian melilitite analyses by A. Cundari (personal communication).
8- 9 .  Ullung-do Island leucitite and Fiji ankaramite analyses from this study.
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Fig. 2.1 Localities and regional geology of leucitites from southeastern Australia. H- Harden analcimite 
(early Jurassic age). Inset: BH- Begargo Hill, BU- Burgooney, BY- Bygalore, CO- Condobolin, FH- 
Flagstaff Hill, GH- Gorman Hill, LC- Lake Cargellico, TL- Tullibigeal.
from 1.9 to 9.9 wt%) and Na2 Ü (0.6 to 3.3 wt%) contents (Venturelli et al. 1984). The tectonic 
evolution of the region is controversial, but most models invoke recent subduction processes. Arana and 
Vegas (1974) proposed that the increasing K20  content of calc-alkaline volcanism from south to north 
indicates that a northward-dipping subduction zone was active during the Lower Miocene. The 
ultrapotassic intrusives were regarded as the most northerly and therefore deepest expression of arc 
volcanism resulting from the subduction of the African plate under the Iberian plate. A possible 
association between potassic volcanism and post-Nappe block-faulting during the Pliocene has been 
suggested by Nixon et al. (1984).
2.2.3 Italian leucite melilitites
The Plio- to Pleistocene age San Venanzo and Cupaello volcanoes are located within the northeastern 
part of the "Roman Co-magmatic Region", central Italy. The bedrock of this region consists of Mesozoic 
and Cainozoic clastic and carbonate sediments, possibly underlain by Palaeozoic metamorphic basement 
(Ferrara et al. 1985 and references cited therein). The petrology and geochemistry of lavas from these two 
volcanoes was examined by Mittempergher (1965). Major- and trace-element analyses of the San Venanzo 
and Cupaello lavas examined here are given in Table 2.1. San Venanzo lavas are predominantly 
kalsilite-bearing leucite olivine melilitites and those from Cupaello kalsilite diopside melilitites. The 
lavas possess generally low S i0 2 (41 to 44 wt%) T i0 2 (0.7 to 1.2 wt%) and Na20  (0.3 to 1 wt%) and 
high MgO (11 to 13 wt%) CaO (15.5 to 16 wt%) and K20  (4 to 8 wt%) contents. 180 / 160  
compositions obtained on alteration-free samples (Holm and Munksgaard 1982, Taylor et al. 1984, Ferrara
et al. 1985) indicate strong enrichments in 180  (518Osm ow  values of +12 to +14 %c were found). 
Vollmer (1976) reported an 87Sr/86Sr value of 0.71037 for a San Venanzo sample and Holm and 
Munksgaard (1982) obtained an 87Sr/86Sr value of 0.71120 for a sample from Cupaello. On the basis of
1 o 1 c on  o r
the extreme 100 /  O and Sr/°°Sr compositions of the San Venanzo and Cupaello lavas compared to 
other lavas from the Roman region, Holm and Munksgaard (1982) argued that the lavas were derived from 
"metasomatised" mantle sources which represented the extreme (high 87Sr/86Srand 180 / 160) mantle 
end-member of the Roman province. This was disputed by Taylor et al. (1984) and Ferrara et al. (1985) 
who argued that the extreme features of the San Venanzo and Cupaello lavas were at least partly the result 
of extensive crustal contamination.
The tectonic setting of the Italian region has been the subject of much debate. Ninkovich and Hays 
(1972) argued that the potassic magmatism was related to northward-dipping subduction under the 
Calabrian arc. However, Barbieri et al. (1973) and Cundari (1980) have emphasised that the depth of 
earthquake foci increases westward (i.e. away from the Roman region) and have argued for an intraplate 
rift setting, analogous to the Rhine and East African alkaline provinces. There is, however, general 
agreement that the calc-alkaline and leucite-tephritic volcanism of the Aeolian arc, located to the south of 
Italy, is related to subduction processes.
2.2.4 Ullung-do Island leucitite
Ullung-do (Utsuryoto) Island is located in the western part of the Sea of Japan, 130 km from the 
eastern coast of Korea. Petrological studies by Tsuboi (1920) recognised several stages of volcanism, 
commencing with predominantly basaltic volcanism followed by trachytic and phonolitic flows and 
pyroclastics. Leucite-bearing lavas were described from an intra-caldera dome (Arpong Hill), and were 
interpreted by Tsuboi (1920) to be the products of the final stage of volcanism on the island.
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2.2.5 Fiji leucite-bearing ankaramite
The Fijian islands are located within a tectonically complex region adjacent to the convergent 
boundaries of the Pacific and Indian plates. The tectonic evolution of the region and its influence on the 
geochemistry of magmatism on the islands has been examined by Gill (1984) and Gill et al. (1984). 
According to these authors, prior to ~8 Ma ago, tholeiitic and andesitic volcanism with arc-like 
trace-element characteristics predominate, whereas from ~ 5 to 3 Ma ago, during which the arc was 
disrupted and the Lau and North Fiji Basins formed, alkali olivine basalts considered by Gill (1984) to 
have trace-element and isotopic affinities with ocean-island basalts were erupted.
Geochemical and isotopic analyses were obtained on a leucite-bearing ankaramite from Fiji as part of 
a reconnaissance study. The sample examined consisted of phenocrysts of leucite, phillipsite 
psuedomorphing leucite (see Table 2.2), clinopyroxene and opaques set in a glassy groundmass. 
Major-element analysis (Table 2.1) indicates that the flow from which the sample was taken is 
differentiated and has low Si02 and T i02 contents accompanied by relatively high A120 3 and CaO.
Table 2.2 Some representative microprobe analyses of phenocryst phases in the Fiji ankaramite.
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Analysis 1 . 2. 3. 4. 5.
Si09 48.18 50.96 47.84 45.60 49.73
Ti°2 <0.10 0.21 0.13 - 0.39
A1?0 9 22.95 20.24 23.33 22.54 2.73
Cr?0 9 <0.10 <0.10 <0.10 - <0.11
Fe20 9 - - - 0.02 -
FeO 0.18 0.15 0.33 7.36
BaO - - - 0.22 -
MnO <0.09 <0.09 <0.09 - 0.15
MgO <0.09 <0.09 <0.09 - 13.43
CaO 8.08 6.37 8.29 7.72 23.50
Na-0 <0.11 0.22 <0.11 1.50 <0.13
K?0 5.60 8.01 5.70 5.63 <0.06
H2° - - - 16.58 -
Total 84.99 86.16 85.61 99.81 97.30
Number of ions on the basis of 32 (phillipsite) and 6 (clinopyroxene) oxygens.
Si 10.32 10.85 10.21 10.10 1.91
Ti 0.03 0.02 0.01
A1 5.80 5.08 5.87 5.89 0.12
Fe 0.03 0.03 0.06 0.24
Mg 0.77
Ca 1.85 1.45 1.90 1.84 0.97
Na 0.09 0.64
K 1.53 2.17 1.55 1.59
Ca 49.0
Mg 39.0
Fe 12.0
1 - 3. Phillipsite psuedomorphing leucite phenocrysts, Fiji ankaramite.
4. Phillipsite, occurring as amygdale in Tertiary basalt, Glenariff, Co. Antrim, Northern Ireland.
(from Walker 1983).
5. Clinopyroxene phenocryst, Fiji ankaramite.
23  Analytical Procedures
Samples were supplied either as small hand-specimens (Italian, Ullung-do Island and Fiji samples), 
rock chips (New South Wales leucitites) or rock powders which had been prepared using a tunsten carbide 
swing mill (Spanish lamproites). For geochemical analysis, the sample was crushed using a tungsten 
carbide swing mill. Major-element analyses were obtained by XRF spectrometry on fused glass discs 
using an automated Siemens SRS300 spectrometer (located within the Department of Geology, A.N.U.), 
following the procedure of Norrish and Hutton (1969). Abundances of the elements Ni, Cu, Rb, Sr, Y, 
Zr, Nb, and Pb were determined by XRF on pressed powder pellets using a Phillips PW1400 spectrometer 
and using the method of Norrish and Chappell (1977). The other trace elements were obtained by 
instrumental neutron activation analysis on -300 mg of powdered sample. For isotopic analysis, 
hand-specimens were sawn into -3 cnr cubes which were then thoroughly washed in demineralised H20. 
The cubes were coarsely crushed in a stainless steel mortar and small (-15 mg) rock chips with fresh 
fracture surfaces were carefully hand-picked for analysis. About 250 to 500 mg of hand-picked chips were 
dissolved in teflon pressure vessels in HF-HC104 at 200 °C for at least 48 hours, the solution then
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evaporated and re-dissolved in 6 N HC1 in the teflon pressure vessel at 200 °C for at least 24 hours. The 
resulting solution was evaporated, re-dissolved in 1 N HC1 and split into 2 aliquots, one of which was 
spiked with mixed 85Rb-84Sr and 147Sm-150Nd spikes and processed for Sr and Nd isotopic analysis and 
the second used for Pb isotopic composition. Where correction to the Pb isotopic composition for 
radiogenic decay of U was thought necessary, a third split was mixed with 235U-208Pb spike for U and 
Pb concentration analysis. The remaining details of the analytical techniques are described in Appendix 1.
2.4 Results
The results of Rb-Sr, Sm-Nd and U-Pb concentration and isotopic analysis are presented in Tables 
2.3 and 2.4 and compared with other relevant data in Figs. 2.4 to 2.9.
2.4.1 Southeast Australian leucitites
K-Ar dating has given ages ranging from 10 to 16 Ma for the New South Wales leucitites and 6 Ma 
for the Cosgrove occurrence (Wellman et al. 1970, Wellman 1974, Sutherland 1983). (Where necessary, 
quoted ages have been re-calculated using the constants of Steiger and Jäger 1977). The correction for 
radiogenic decay since emplacement is within or just outside the analytical uncertainty for Rb/Sr and 
Sm/Nd isotope systems and for most of the Pb analyses. Nd/Sm ranges from 5.4 to 7.1 (chondritic = 3), 
indicating that the leucitites are highly LREE-enriched. Nd and Sr isotopic compositions lie within the 
mantle array (Fig. 2.4), extending from the "depleted" quadrant for the most southerly occurrence, the 
Cosgrove leucitite (eNd = +1.5, 87Sr/86Sr = 0.7042), into the "enriched" quadrant for the most northerly 
New South Wales occurrence at El Capitan (eNd = -4.1, 87Sr/86Sr = 0.7057). As Th concentrations were 
not determined for the southeast Australian rocks, the small age corrections to 208Pb/204Pb were made 
assuming Th/U = 4. The Condobolin leucitite (GA-3476) has high U/Pb and the age correction to 
206Pb/204Pb and 208Pb/204Pb is significant compared to the analytical error. Age-corrected Pb isotopic 
compositions show little variation, with the exception of the Cosgrove sample which has significantly 
lower 207Pb/ 204Pb than the other members of the suite, and the El Capitan leucitite which has slightly 
lower 206Pb/204Pb. The Pb isotopic compositions of the New South Wales leucitites are characterised 
by relatively high 207Pb/ 204Pb and 208Pb/ 204Pb compared to those of MORB but are similar to those 
determined by Cooper and Green (1969) for contemporaneous Tertiary-Recent continental alkali basalts 
from western Victoria.
The Cosgrove leucitite is chemically and petrographically distinct from the New South Wales 
leucitites, being poorer in olivine and leucite and richer in clinopyroxene (Birch 1978), reflected in its 
lower MgO, K20 , Rb, Ni, and higher in CaO, total Fe, Na20, and possibly T i02 contents and lower 
LREE/HREE (see Tables 2.1 and 2.3). These features imply derivation of the Cosgrove leucitite from a 
more depleted source than the New South Wales leucitites, consistent with the isotopic data (i.e. the lower 
207Pb/204Pb and 87Sr/86Sr and higher 143Nd/144Nd of the Cosgrove leucitite). The Cosgrove leucitite 
has Pb, Sr and Nd isotopic compositions within the range determined for the southeast Australian 
Tertiary-Recent Newer alkali basalts (Cooper and Green 1969, McDonough et al. 1985).
Although the exact age of emplacement of the Inglewood analcimite is not known, an age of 22 Ma 
has been assumed, based on K-Ar studies of nearby volcanism with which the Inglewood leucitite is
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Table 2.3 Strontium and neodymium isotopic data for orogenic potassic suites.
Sample Rb Sr Sm Nd 87Rb/86Sr 87Sr/86Sra 147Sm/144Nd 143Nd/144Ndb 
—  ppm —  meas initial
New South Wales leucitites
GA-3470 Begargo Hill 179 2065 14.5 88.9 0.250 0.70562 ±4 0.70557 0.0989 0.51182 ±2 -0.3
GA-3471 Begargo Hill 78.9 1251 14.1 86.6 0.182 0.70514 ±3 0.70511 0.0983 0.51180 ±1 -0.7
GA-3472 Bygalore 159 1779 24.6 159 0.258 0.70523 ±6 0.70519 0.0938 0.51177 ±2 -1.3
GA-3473 Bygalore 128 1577 20.0 124.9 0.234 0.70522 ±4 0.70518 0.0973 0.51181 ±3 -0.6
GA-3474 Gorman Hills 147 13% 20.7 135.1 0.305 0.70502 ±4 0.70496 0.0937 0.51181 ±2 -0.4
GA-3475 Tullibigeal 173 1353 18.9 119.1 0.369 0.70554 ±5 0.70548 0.0962 0.51178 ±3 -1.1
GA-3476 Condobolin 135 1494 14.9 93.0 0.260 0.70506 ±6 0.70501 0.0967 0.51185 ±3 +0.3
GA-3478 L. Cargellico 143 1670 17.3 107.1 0.248 0.70525 ±4 0.70520 0.0979 0.51181 ±2 -0.5
GA-3480 Burgooney 105 1323 14.6 88.6 0.229 0.70513 ±4 0.70508 0.0998 0.51184 ±1 +0.1
GA-3481 Flagstaff 185 1265 15.1 92.7 0.423 0.70522 ±4 0.70515 0.0986 0.51178 ±2 -1.2
GA-3479 El Capitan 265 972 16.7 118.3 0.596 0.70572 ±4 0.70561 0.0851 0.51163 ±2 -4.1
Victorian leucitite
E7980 Cosgrove 76 1230 13.9 75.2 0.179 0.70422 ±3 0.70420 0.112 0.51192 ±2 + 1.5
Queensland analcimite
HH-321 Inglewood 56.1 1492 15.9 90.9 0.109 0.70518 ±5 0.70515 0.106 0.51177 ±2 -1.2
New South Wales Jurassic analcimite
70-139 Harden 96 816 9.27 49.3 0.423 0.70522 ±4 0.70405 0.114 0.51185 ±2 +0.3
Italian Ieucite mclilititcs
Ven-1 San Venanzo 185 1774 13.9 75.7 0.300 0.71058 ±4 0.71058 0.111 0.51125 ±2 -11.4
Cup-10 Cupaello 276 5761 34.3 187.8 0.139 0.71118 ±5 0.71118 0.110 0.51129 ±2 -10.6
Spanish lamproites
S P-034 Aljorra 176 547 19.1 100.7 0.931 0.72083 ±6 0.72073 0.115 0.51126 ±2 -11.2
S P-039 Zeneta 173 555 18.7 90.0 0.903 0.72069 ±4 0.72060 0.126 0.51119 ±2 -12.6
S P-044 Fortuna 29.9 558 21.7 108.1 0.155 0.71798 ±3 0.71796 0.121 0.51125 ±2 -11.4
S P-049 Fortuna 306 539 23.4 120.5 1.647 0.71809 ±3 0.71792 0.118 0.51126 ±2 -11.2
SP-055 Jumilla 232 816 28.0 148.1 0.822 0.71688 ±5 0.71680 0.114 0.51122 ±2 -12.1
S P-067 Cancarix 241 902 30.2 160.4 0.774 0.71750 ±5 0.71742 0.114 0.51125 ±2 -11.5
S P-077 Calasparra 266 584 30.7 161.3 1.317 0.72074 ±6 0.72061 0.115 0.51124 ±3 -11.7
SP-081 Puebla de Mula 413 991 22.8 107.7 1.205 0.71745 ±5 0.71733 0.128 0.51124 ±2 -11.6
UUung-do Island leucitite
Ull-1 5th stage - 444 - - - 0.70449 ±3 0.70449 - 0.51179 ±3C -0.9
Fiji ankaramite
AJCF2 - - - 39.6 - 0.70404 ±4 0.70404 - 0.51217 ±3 +6.5
a Errors given refer to within-run precision at the 2omean level. Uncertainty in 87Rb/86Sr is 0.5% (2a). 87Sr/8bSr 
normalised using 86Sr/88Sr = 0.1194. Initial 87Sr/8®Sr calculated using the (re-calculated) K-Ar ages of Wellman et 
al. (1970), Wellman (1974) and Sutherland (1983) for southeast Australian samples, 22 Ma for the Inglewood 
analcimite and 7 Ma for the Spanish lamproites. NBS-987 standard value is 0.71022 ±4. E & A standard carbonate 
value is 0.70800 ±3.
b Uncertainty in 147Sm/144Nd is 0.1% (2c). Nd isotopic ratios normalised using 14bN d/142Nd = 0.636151. Age 
corrections to Nd isotopic compositions are within analytical error for all samples except Harden (see text). The value 
obtained for BCR-1 standard is 0.511833 ±20. eNd = (143N d/144Ndmeas/ 143N d/144NdCHUR -1) xlO4 where 
143Nd/144NdCHUR = 0.511836.
c Analyst: E. Nakamura.
Table 2.4 Uranium, thorium, lead concentration and lead isotopic data for orogenic potassic suites.
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Sample Ua Th
.......  PPm
Pb 238u /204pb 206pb /204pbh 
meas initial
207Pb/204Pb
meas
208pb/204pb
meas initial
New South Wales leucitites 
GA-3470 Begargo Hill 18.235 15.595 38.644
GA-3471 Begargo Hill - - - 18.217 15.621 38.333
GA-3472 Bygalore 2.43 9.64 18.4 18.223 (18.19)c 15.618 38.202 (38.16)c,d
GA-3473 Bygalore 2.42 11.33 15.4 18.245 (18.21) 15.603 38.135 (38.09)
GA-3474 Gorman Hills 2.43 11.05 15.7 18.121 (18.09) 15.606 38.346 (38.30)
GA-3475 Tullibigeal 2.46 12.33 14.4 18.074 (18.05) 15.623 38.295 (38.27)
GA-3476 Condobolin 2.72 2.2 89.9 18.430 (18.25) 15.593 38.532 (38.30)
GA-3478 L. Cargellico - - 21.5 18.308 (18.27) 15.617 38.270
GA-3480 Burgooney - - - 18.236 15.584 38.408
GA-3481 Flagstaff - - - 18.172 15.595 38.193
GA-3479 El Capitan 2.14 9.32 16.6 17.877 (17.84) 15.593 38.125 (38.07)
Victorian leucitite
E7980 Cosgrove - - - 18.350 15.553 38.345
Queensland analcimite
HH-321 Inglewood 3.19 6.92 34.5 19.156 (19.04) 15.637 39.522 (39.37)
New South Wales Jurassic analcimite 
70-139 Harden - - 19.075 15.579 38.445
Spanish lamproites
SP-034 Aljorra - 89.4 - 18.659 15.675 39.025
SP-039 Zeneta - (85) - - 18.755 15.706 39.064
SP-044 Fortuna 21.9 105 15.4 18.793 (18.78) 15.739 39.198 (39.18)
SP-049 Fortuna 20.3 (89) 64.4 23.4 18.759 (18.73) 15.688 39.067 (39.03)
SP-055 Jumilla 15.4 (105) 67.0 17.1 18.802 (18.78) 15.718 39.146 (39.10)
SP-067 Cancarix 15.9 (128) 117 10.0 18.788 (18.78) 15.702 39.084 (39.05)
SP-077 Calasparra - (112) - - 18.815 15.712 39.066
SP-081 Puebla de Mula 29.0 (123) 74.8 28.7 18.809 (18.78) 15.715 39.065 (39.02)
Ullung-do Island leucitite
Ull-1 5 th stage - - 18.005 15.505 38.654
a U and Pb concentrations determined by isotope dilution mass spectrometry; values in brackets 
determined by XRF analysis; Th concentrations for Spanish lavas from Venturelli et al. (1984).
b Errors (based on two-way analysis of variance of duplicate analyses) at the l a  level; 206Pb/204Pb 
±0.011, 207Pb/204Pb ±0.014, 208Pb/204Pb ±0.033. The values obtained for NBS-981 during this 
study (average of 7 analyses) are; 206Pb/204Pb = 16.927 ±0.009, 207Pb/204Pb = 15.486 ±0.013, 
208Pb/204Pb = 36.668 ±0.044.
c Corrected for 238U and 232Th decay since emplacement, using ages from references cited in Table 2.3. 
The age correction to 207Pb/204Pb is insignificant compared to the analytical error for all samples 
except the Harden analcimite.
d Where Th data is not available, the age-correction is made assuming Th/U = 4.
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associated (Wellman and McDougall 1974). Despite some uncertainty in the exact age of volcanism, the 
age corrections to the measured Nd, Sr and Pb isotopic ratios are within or close to the analytical error. 
Initial Sr and Nd isotope ratios overlap with those of the New South Wales olivine leucitites, but the 
analcimite has slightly higher initial 207Pb/204Pb and substantially higher initial 206Pb/204Pb. The 
combined isotope data therefore indicate that the Inglewood analcimite and the New South Wales suite 
were derived from isotopically similar sources, but with the Inglewood analcimite source having higher 
recent U/Pb.
After correction for age of emplacement (determined by Wellman et al. 1970, as 198 ±3 Ma), the Nd 
and Sr isotopic data indicate that the Harden analcimite was derived from a depleted source with eNd = 
+2.4 and initial ° 'Sr/°°Sr = 0.7042. U and Th abundances have not been determined so it is not possible
to correct precisely for their radioactive decay since emplacement. Assuming reasonable values for fi 
(238u /204pb) of 20 and Th/U Qf 4 results in age_corrected 206pb/204pb of 18 45> 207pb/204pb of
15.55 and 208Pb/204Pb of 37.65. Although 206Pb/204Pb and 208Pb/204Pb estimated in this way is 
subject to considerable uncertainty, the correction to 207Pb/204Pb is small (i.e. ~ -0.03). The Pb 
isotopic data therefore indicate that the source of the Harden analcimite had 207Pb/204Pb lower than that 
of the New South Wales olivine leucitite suite but comparable to that of the Cosgrove olivine leucitite.
2.4.2 Spanish lamproites
Whole-rock and mineral K-Ar data on several of the Spanish lamproites indicates ages of ~ 6 to 8 Ma 
(Bellon and Letousey 1977, Nobel et al. 1981). The high Rb/Sr ratios (Table 2.3) require small but 
significant age corrections to be applied to the Sr isotopic data. Initial Sr isotopic compositions show a 
wide range and are highly radiogenic (0.717 to 0.720), similar to the values reported by Powell and Bell 
(1970) for samples from Jumilla. Nd/Sm varies from 4.8 to 5.2, suggesting moderate LREE-enrichment. 
Nd isotopic compositions are unradiogenic and fall within the narrow range of eNd of from -11.2 to -12.6, 
indicating that the sources of these rocks have had long-term LREE-enrichment (>1 Ga). These isotopic 
features are like those of the Western Australian lamproites (McCulloch et al. 1983) and the micaceous 
South African kimberlites (Smith 1983, see Fig. 3.3). The measured Pb isotopic compositions are 
within the range 206Pb/204Pb of 18.66 to 18.81, 207Pb/204Pb of 15.67 to 15.74 and 208Pb/204Pb of 
39.0 to 39.2. Of present-day reservoirs, the Pb isotopic compositions of the Spanish ultrapotassic rocks 
most closely resembles that of pelagic oceanic sediments (e.g. Sun 1980).
2.4.3 Italian leucitite melilitites
Both Italian samples analysed possess high concentrations of Sr and the light rare-earth elements (see 
Table 2.3). Their highly radiogenic 87Sr/86Sr ratios are similar to the values previously reported for 
lavas from these volcanoes (Vollmer 1976, Holm and Munksgaard 1982). On the initial Sr-Nd isotope 
diagram (Fig. 2.4), the San Venanzo and Cupaello lavas lie along the array previously defined for Italian 
potassic lavas, but extend the array towards more radiogenic Sr and unradiogenic Nd values. The Nd 
isotopic compositions of the Italian melilitites are within the narrow range determined for the Spanish 
lamproites, although the Italian lavas possess less radiogenic Sr isotopic compositions.
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Fig. 2.2 Chondrite-normalised rare-earth element abundance pattern for the leucitite from Ullung-do 
Island. The chondrite abundances used are those of Taylor and Gordon (1977).
2.4.4 Ullung-do Island leucitite
Rare-earth element analytical results for the Ullung-do Island leucitite are given in Table 2.1 and 
shown normalised to chondritic abundances in Fig. 2.2. Notable features of the rare-earth element pattern 
are the relatively steep negative normalised light rare-earth element gradient, almost flat normalised heavy
jfe
rare-earth elements and the small positive Eu anomaly (Eu/Eu = 1.19). The Ullung-do Island leucitite also 
possesses relatively low transition-element contents (suggesting significant crystal fractionation has 
occurred) accompanied by high Ba and Th contents and high Th/U (7.75).
Compared to most oceanic magmatism, the Ullung-do Island leucitite has relatively radiogenic 
87Sr/86Sr and significantly unradiogenic 143Nd/144Nd (Table 2.3; see Fig. 2.4). The 206Pb/204Pb ratio 
(Table 2.5) lies within the range observed for mid-ocean ridge basalts (Fig. 2.5), but the leucitite has 
slightly higher 207Pb/204Pb and significantly higher 208Pb/204Pb (see Fig. 2.6) than is found in 
MORB, plotting within the Kerguelen field. The radiogenic 208Pb/204Pb and 87Sr/86Sr and 
unradiogenic 143Nd/144Nd suggests a mantle source resembling that of many ocean-island basalts rather 
than that of mid-ocean ridge basalts. Several other Pb isotopic studies of alkali basalts from the 
southwestern Japan region (Kurasawa 1968, Tatsumoto and Knight 1969, A116gre et al. 1979) have found 
Pb isotopic compositions comparable to some ocean islands. The relatively unradiogenic 207Pb/204Pb 
of the leucitite implies that its source was not substantially contaminated by Pb derived from subducted 
sediments.
2.4.5 Fiji leucite-bearing ankaramite
The results of major- and trace- element analysis of the Fiji ankaramite are given in Table 2.1 and the 
chondrite-normalised rare-earth element pattern given in Fig. 2.3. The rare-earth element pattern is 
unusual in having virtually flat chondrite-normalised abundances of the light (between La and Nd) and
heavy (between Ho and Lu) rare-earth elements but a steep negative gradient for the middle (between Nd 
and Ho) rare-earth elements. A negative Ce anomaly is evident in the pattern, suggesting that the 
rare-earth abundances have been modified by secondary (perhaps late-stage hydrothermal) processes. 
Further supporting evidence of this is provided by the low major-element sum (totalling 92.1 %; H20  and 
other volatiles have not been determined), which suggests that the glassy groundmass of the sample is 
extensively hydrated, and the phillipsite psuedomorphs of leucite.
The Sr and Nd isotopic compositions of the Fiji ankaramite (87Sr/86Sr and eNd values of 0.7040 and 
+6.5 respectively, see Table 2.3) are similar to those found by Gill (1984) and most closely resemble the 
values characteristic of island-arc and ocean-island magmas (Fig. 2.4).
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Fig. 2.3 Chondrite-normalised rare-earth element abundance pattern for the ankaramite from Fiji. The 
chondrite abundances used are those of Taylor and Gordon (1977).
2.5 Discussion
2.5.1 Southeast Australian leucitites
Although the evolved isotopic characteristics of the New South Wales leucitites may be attributed to 
contamination by continental crust, there is no compelling evidence for the assimilation of crustal 
material in the major- and trace-element characteristics of the lavas. The suite has high Ni (average -375 
ppm), Cr (-400 ppm), MgO (12.4 wt%), Mg/(Mg + Fe2+) (excluding some of the fractionated Begargo 
Hill samples, averaging -0.71 recalculated assuming Fe3+/(Fe2++Fe3+) = 0.15), combined with low 
Si02 (44.3 wt%) and A120 3 (8.7 wt%) (Cundari 1973), consistent with their derivation from the mantle. 
In addition, while the El Capitan leucitite (G A-3479) has the most radiogenic Sr and least radiogenic Nd 
and is therefore the most likely candidate to have been contaminated by continental crust, there is no 
evidence of this in its major- and trace-element chemistry. Taylor et al. (1984) analysed the same samples
1 o I /: 1 o
used in this study for O/ O, and found that the whole-rock and leucite phases are enriched in O but 
that the clinopyroxenes have S18Osmow  of -  +6.5 %o, considered to represent primary magmatic values.
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Fig. 2.4 Nd-Sr isotope initial ratio correlations for orogenic potassic samples compared to the Fields for 
mid-ocean ridge and ocean-island basalts. The negative correlation between Sr and Nd isotopic 
compositions for potassic rocks is consistent with mixing between two isotopically distinct components. 
Additional data sources- MORB: Cohen and O’Nions (1982a), White and Hofmann (1982), Ito et al. 
(1987). Ocean islands: Cohen and O'Nions (1982b), Richardson et al. (1982), Vidal et al. (1984), Palacz 
and Saunders (1986), Wright and White (1986), Dupuy et al. (1987). Potassic suites: Hawkesworth and 
Vollmer (1979) and this study.
They attributed the high 180  of the leucites to interaction with late-stage K-rich magmatic fluid with high 
5 180  (~ +8 %o), although they did not discount the possibility of the involvement of small amounts of 
meteoric water which had isotopically equilibrated with magmatic fluid. The primary 5 180  values 
estimated from the clinopyroxenes are similar to the values of alkali basalts and argue against the 
assimilation of upper crustal material. It is unlikely that the possible involvement of small amounts of 
meteoric water could have significantly effected the Sr, Nd and Pb isotopic compositions.
The variation in isotopic characteristics of the New South Wales leucitites may therefore be the 
result of either: a) contamination of their sources by a component having radiogenic Sr/ Sr, 
unradiogenic eNd and 207Pb/204Pb >15.6; or b) derivation from variably enriched mantle sources which 
have evolved the observed isotopic compositions since the enrichment events. The latter alternative is 
considered less likely as a period of at least -300 Ma is required to produce the observed range in Nd 
isotopic compositions of 4 e-units from closed system decay within source regions which have undergone 
varying degrees of incompatible-element enrichment (i.e. increase in Nd/Sm and Rb/Sr accompanied by a 
decrease in U/Pb), assuming a source Sm/Nd like that of the leucitites themselves. As the source Sm/Nd 
is likely to be considerably higher than that of the leucitite melt, this time estimate is probably greatly 
underestimated. The El Capitan leucitite has the highest measured K^O/T^^O, Rb/Sr and Nd/Sm ratios 
and significantly more radiogenic Sr and less radiogenic Nd compared to the other New South Wales 
leucitites, (see Figs. 2.7 and 2.8), consistent with greater contribution of an incompatible-element- and K- 
enriched, high 87Sr/86Sr, low eNd component to its source, but also has identical 207Pb/204Pb to the
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Fig. 2.5 206Pb/204Pb-207Pb/204Pb variation in orogenic potassic rocks, compared to the fields for 
mid-ocean ridge and ocean-island basalts. Additional data sources- MORB: as in Fig. 2.4 and Dupr6 and 
Allegre (1980), Sun (1980). Ocean islands: as in Fig. 2.4 and Sun (1980). Victorian Newer basalts 
(Cooper and Green 1969, McDonough et al. 1985). Potassic rocks: Vollmer (1976, 1977b), Vollmer and 
Hawkesworth (1980) and this study.
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mid-ocean ridge and ocean-island basalts. Additional data sources- MORB: as in Fig. 2.4 and Dupre and 
Allegre (1980), Sun (1980). Ocean islands: as in Fig. 2.4 and Sun (1980). Victorian Newer basalts 
(Cooper and Green 1969, McDonough et al. 1985). Potassic rocks: Vollmer (1976,1977b), Vollmer and 
Hawkesworth (1980) and this study.
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Fig. 2.7 Correlation between initial Sr isotopic composition and K ^O /N a^ for the southeast Australian 
leucitites. There is a weak positive correlation, suggesting that the sources of the leucitites may have 
been contaminated by a high K20/Na20 , radiogenic Sr component. Data sources: Cundari (1973), Birch 
(1978) and this study.
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Fig. 2.8 Correlation between initial Nd isotopic composition and K20/Na20  for the southeast Australian 
leucitites. There is a weak negative correlation, consistent with the involvement of a contaminating 
component with high K ^O /N a^ and unradiogenic Nd. Data sources as in Fig. 2.7.
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other New South Wales leucitite occurrences. This suggests that either the Pb isotopic compositions of 
the leucitites are dominated by that of the added component, or that the added component and the invaded 
mantle had similar 207Pb/204Pb. The less radiogenic 206Pb/204Pb of the El Capitan leucitite compared 
to the other New South Wales occurrences may be due to some variation in the timing or degree of 
enrichment in the leucitite sources, or may indicate differences in the 206Pb/204Pb of the added 
components involved at El Capitan and the other occurrences.
The geochemical and isotopic data are therefore consistent with the derivation of the New South 
Wales leucitites from mantle which has been contaminated by a component with 87Sr/86Sr > 0.7057, 
eNd -  ' 4 an<* 207Pb/204Pb = 15.6. Compared to the Tertiary-Recent Victorian Newer alkali basalts 
(McDonough et al. 1985), the Cosgrove leucitite has similar Sr, Nd and Pb isotopic compositions 
whereas the New South Wales leucitites have higher 87Sr/86Sr and lower 143Nd/144Nd, forming an 
extension of the array displayed by the Newer basalts into the enriched quadrant on the 87Sr/86Sr- 
143Nd/144Nd diagram. The New South Wales leucitites have similar 207Pb/204Pb and 208Pb/204Pb 
but have lower 206Pb/204Pb than the Newer basalts (Cooper and Green 1969; see Figs. 2.5 & 2.6). 
Although these features may simply reflect regional isotopic heterogeneity within the subcontinental 
lithosphere beneath southeastern Australia, they may also be interpreted as mixing trends, with the 
addition of a component having isotopic characteristics like those of the New South Wales leucitites to 
the sources of the Newer basalts responsible for their isotopic variation. Wellman and McDougall (1974) 
and Sutherland (1983) showed that the locations and eruption ages of the southeast Australian leucitites 
and Newer basalts are consistent with the initiation of volcanism by the passage of the Australian 
continent over a hotspot. As the isotope variation found in the Newer basalts was attributed by 
McDonough et al. (1985) to mixing between a component derived from the hotspot plume and the 
subcontinental lithosphere, it is conceivable that the hotspot plume represents the enriched, low 
206Pb/204Pb end-member component. Further Pb isotope analyses of the Newer basalts are required in 
order to assess this possibility.
A number of studies of Cainozoic alkali basaltic volcanism and incorporated xenoliths from the 
eastern margin of New South Wales (e.g. Kesson 1973, Wass and Rogers 1980, O'Reilly and Griffin 
1984) have argued that the mantle from which the products of volcanism were derived was chemically and 
isotopically heterogeneous. The widespread occurrence of amphibole ±mica ±apatite-bearing mantle 
xenoliths has been interpreted as evidence for the operation of metasomatic processes in the source regions 
of the host lavas. O'Reilly and Griffin (1984) found a range of Sr isotope compositions of from 0.7031 
to 0.7054 for New South Wales alkali basalts, and attributed the isotope variation to the metasomatic 
addition of varying amounts of radiogenic Sr to their sources. Much of the New South Wales alkali 
basaltic volcanism considered by OReilly and Griffin (1984) and others to be derived from metasomatised 
subcontinental lithosphere predates, and is therefore unrelated to the passage of the hotspot responsible for 
the leucitite volcanism. Although leucitite volcanism was probably activated by the hotspot, 
metasomatism of the leucitite sources may have been related to that of the sources of the New South 
Wales alkali basalts and may have occurred prior to the passage of the hotspot.
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2.5.2 Spanish lamproites
The isotopic characteristics of the Spanish lamproites may be attributed to assimilation of crustal 
material during emplacement of the magmas. The lamproites are characterised by comparatively high Nd 
concentrations (90 to 160 ppm), requiring the assimilation of substantial amounts of crustal material to 
produce the observed unradiogenic Nd isotopic compositions. If assimilation of large amounts of upper 
crust has occurred, it might be anticipated that the isotopic characteristics of those intrusions having lower 
trace-element contents might display more evidence of this contamination. There is, however, no 
correlation between Nd content and eNd or between Si02 content and other geochemical or isotopic 
parameters which might reflect bulk assimilation of crustal material. Generation of the unradiogenic Nd 
isotopic compositions of the Spanish lamproites by crustal assimilation also requires the involvement of 
relatively old crustal material with an average crustal residence time of at least ~1.4 Ga. The lamproites 
intrude relatively young Proterozoic basement which may not have had sufficient prior history to have 
evolved the isotopic characteristics required. Furthermore, many of the intrusions which have "crustal" 
isotopic characteristics also have high MgO, Ni and Cr contents accompanied by generally low AI2O3, 
CaO and Na20  contents. These features are inconsistent with the generation of the enriched mantle 
isotopic character by bulk assimilation of substantial amounts of upper crustal material.
2.5.3 Italian leucite melilitites
A number of previous stable and radiogenic isotopic studies of the Italian potassic lavas (e.g. Taylor 
and Turi 1976, Turi and Taylor 1976, Vollmer 1977b, Taylor et al. 1984, Ferrara et al. 1985) have argued 
for the extensive assimilation of crustal material within high-level magma chambers to explain their
1 0  1 r
anomalously high lo0 /  O and radiogenic Sr and Pb isotopic compositions. Although not fully 
discounting the possibility of crustal contamination in the more evolved lavas, other studies (e.g. 
Hawkesworth and Vollmer 1979, Vollmer and Hawkesworth 1980, Holm and Munksgaard 1982, Rogers 
et al. 1985) have argued that these unusual isotopic properties are at least in part due to their derivation 
from so-called "enriched" mantle sources. Chemical analysis of the San Venanzo and Cupaello melilitites 
(Table 2.1) indicate that they possess relatively low Si02 (42 to 44 wt%) and N a ^  (1.0 to 0.27 wt%) 
and high MgO (13 to 11 wt%), Ni and Cr contents, consistent with a mantle derivation and indicating that 
they have undergone relatively little differentiation. In addition, the very high concentrations of Sr and Nd 
of these lavas (Table 2.3) make their Sr and Nd isotopic compositions insensitive to assimilation of 
crustal material. Consideration of these aspects of the major- and trace-element characteristics of lavas 
from San Venanzo and Cupaello suggest that the radiogenic Sr and unradiogenic Nd of these lavas are 
unlikely to be entirely the result of bulk upper crustal assimilation processes. Nevertheless, the high
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Fig. 2.9 Fields of initial isotopic compositions of 206Pb/204Pb against 87Sr/86Sr for ultrapotassic
87 o r  904suites and some kimberlites. In many cases the range of Sr/°°Sr is large while xwPb/ Pb variation 
is limited, suggesting that one component has dominated the Pb isotope character. As the field for the 
Italian lavas extends towards that of the Spanish lamproites (also the case for 207Pb/204Pb and 
208Pb/204Pb vs 87Sr/86Sr), the "metasomatic" components in both cases may be the same. Additional 
data sources: Vollmer (1976, 1977b), Vollmer and Hawkesworth (1980), Van Kooten (1981), Collerson 
and McCulloch (1983), McCulloch et al. (1983), Smith (1983).
1 8q 1^ 6q  Qf t)iese lavas provides strong evidence for the involvement of crustal contaminants. It is
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unlikely that these high iöO/ O values are entirely attributable to Rayleigh fractionation during the 
operation of metasomatic processes within the mantle, as was suggested by Hawkesworth and Vollmer 
(1979). A possible alternative explanation which is at least qualitatively consistent with both the stable 
and radiogenic isotopic data is that the mantle sources of these lavas have been contaminated by 
components derived from the upper continental crust. This alternative will be examined in more detail 
later (see also Chapter 7).
Comparison between Pb and Sr isotopes of potassic rocks from this and other studies are displayed in 
Fig. 2.9. Lavas from Italy and Spain resemble those of Western Australia and from the Virungan 
volcanic field in possessing large ranges in their Sr isotopic compositions but limited variation in Pb 
compositions, particularly 206Pb/204Pb, and very high 207Pb/204Pb. An interesting aspect of the 
Italian isotopic data is that they lie on a extension of the correlations displayed by the lamproites from 
Spain on the Sr-Pb isotope diagram (Fig. 2.9). The Pb isotopic compositions of the Spanish lavas are 
similar to those of the Roman region, which have among the most radiogenic Sr and unradiogenic Nd of 
the Italian lavas (i.e. most like the Spanish lamproites). This may indicate that the contaminating 
component invoked to explain the isotopic correlations of lavas from Italy is similar to that identified in 
the Spanish lamproites. This component has the Sr, Nd and Pb isotopic characteristics of continental 
crust or sediments derived from continental crust
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2.5.4 Ullung-do Island leucitite
Nakamura et al. (1985) found that the island-arc character, indicated by enrichment in K, Ba, Sr and 
Rb and depletion of T i02 and Ta, of alkali basalts across the Japanese island arc to Korea and Eastern 
China becomes progressively weaker, and that the trace-element patterns of islands from the Sea of Japan 
show little or no evidence of the influence of subduction processes. In support of this, Peng et al. (1986) 
found that although the Cainozoic basalts of eastern China isotopically resemble those of some ocean 
islands and island arcs, they have geochemical affinities with continental basalts. The Sr and Nd isotopic 
compositions of the Ullung-do Island leucitite are also similar to those of some ocean-island and island-arc 
lavas and indicate that the leucitite was not derived from a mantle source resembling that from which 
mid-ocean ridge basalts are derived. The relatively unradiogenic 207Pb/204Pb limits the possible 
involvement of subducted oceanic crust and sediments as a source of its high K20 , as has been proposed 
to explain the well-documented relationship between potassium and depth of Benioff zone evident in some 
island arcs (cf. Dickinson and Hatherton 1967). The radiogenic 208Pb/204Pb suggests affinities with 
ocean-island rather than island-arc lavas.
2.5.5 Fiji leucite-bearing ankaramite
Gill (1984) argued that the trace-element and isotopic ratios of calc-alkaline and shoshonitic Fijian 
lavas suggested a contribution from ocean-island-type sources rather than from sources directly arising 
from the operation of subduction zone processes. However, as with the Ullung-do Island leucitite, the 
geochemical and isotopic results for the Fiji ankaramite demonstrate the difficulties which are often 
encountered in distinguishing between island-arc and ocean-island magmas. In an attempt to explain the 
similarities between island-arc and ocean-island magmas, Morris and Hart (1983) proposed a model in 
which island-arc magmatism sometimes taps ocean-island-like blobs which are imbedded within a 
MORB-like matrix distributed throughout the Earth's upper mantle. This model was strongly contested 
by Perfit and Kay (1986) who argued that the geochemical and isotopic characteristics of island-arc 
magmas mostly result from mixing between depleted mantle and subducted oceanic crust and sediments. 
Although the meagre data obtained on Fijian lavas during this reconnaissance study cannot contribute 
substantially to this discussion, it is worth emphasising that while subduction-related processes may be 
implicated in the generation of the Italian and Spanish high-K suites, the Italian isotopic data also require 
the involvement of ocean-island-like sources. This is evident from Fig. 2.9, where the isotopic array for 
the Italian province extends from one end-member (represented by the Pietre Nere volcano, which has 
87Sr/86Sr of 0.7033, eNd of +4.5 and radiogenic Pb, with the very radiogenic 208Pb/204Pb characteristic 
of ocean islands) which isotopically resembles the St Helena type of ocean island, to another end-member 
isotopically resembling modem oceanic sediments. This observation supports the model of Morris and 
Hart (1983) that ocean-island sources are widely distributed throughout the Earth's upper mantle and may 
be tapped by subduction zone magmatism. Further discussion of the origin and significance of 
ocean-island isotopic signatures can be found in Section B of this thesis.
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2.5.6 Implications for the genesis of potassic magmas from orogenic settings
From the results obtained in this and other studies, it is evident that many orogenic potassic suites 
possess geochemical and isotopic characteristics consistent with their derivation from geochemically and
o n  o r
isotopically anomalous "enriched" mantle sources. An inverse correlation between initial ° Sr/ Sr and 
initial 143Nd/144Nd is displayed by many orogenic potassic suites (see Fig. 2.4). This correlation is 
indicative of mixing between isotopically "enriched" components and mantle sources possessing the 
isotopic characteristics of either mid-ocean ridge or (at least in the case of the Italian potassic suite) 
ocean-island basalts. Whitford (1975), Whitford et al. (1978) and Vame (1985) demonstrated that the
o n  o r
contents of east Sunda arc volcanics correlate positively with ° 'S r /ODSr and negatively with 
143Nd/144Nd, also consistent with mixing between two components, one isotopically "enriched" and also 
rich in K20 . That most orogenic potassic suites examined so far lie along or plot close to a single 
curvi-linear array on the initial Sr-Nd isotope diagram (Fig. 2.4) suggests that a common process 
involving isotopically similar end-members is responsible for the generation of most orogenic potassic 
magma suites.
In contrast with most continental potassic magmas, K-rich lavas from island arcs and 
subduction-related settings commonly have low Ti02, Ta, Nb and Zr, characteristics they share with most 
arc magmatism. Several studies (e.g. Nicholls and Whitford 1978, Foden and Varne 1980) favour the 
derivation of high-K arc lavas from mantle which has been modified by the addition of a LIL-rich 
component to their source regions, although the source of the excess K20  in high-K island-arc volcanism 
is controversial. Geochemical and isotopic studies of lavas from the west Sunda arc, Indonesia, (Whitford 
1975, Whitford et al. 1981) demonstrated that although tholeiitic and calc-alkaline lavas display evidence 
consistent with contamination by a component derived from subducted lithosphere, the leucite-bearing 
lavas of Mt. Muriah, situated -300 km above the Benioff zone, manifest least evidence of such 
contamination. However, leucite-normative lavas from the east Sunda arc region have radiogenic Sr 
compared to calc-alkaline lavas from the same region (Whitford et al. 1978), suggesting that they may 
have been more strongly contaminated by a sedimentary component derived from the subducted slab. 
White et al. (1983) has also argued for the involvement of subducted sediments in the genesis of lavas 
from the Sunda arc to account for their Sr and Pb isotopic characteristics. It seems likely that melts or 
fluids derived from the subducted slab are involved, but that in a few cases (such as Mt Muriah) these may 
not be isotopically distinguishable from the invaded mantle.
A number of other recent studies (e.g. Thompson 1977, Edgar 1980, Civetta et al. 1981, Venturelli 
et al. 1984, Peccerillo et al. 1984, Peccerillo 1985, Rogers et al. 1985, Nelson et al. 1986a) have also 
argued, on the basis of geochemical similarities with modem arc lavas, for the involvement of subduction 
processes in the genesis of potassic volcanism of Italy and southeastern Spain. Trace-element 
characteristics of the Spanish lavas, such as their high Ba concentrations, low K/Rb, high Ba/La and 
rare-earth-element patterns with negative Eu-anomalies (Venturelli et al. 1984, Nixon et al. 1984) are 
consistent with contamination of their mantle source by a component resembling modern oceanic 
sediments. The Spanish lavas possess Sr, Nd and Pb isotopic compositions similar to those of modem 
sediments and, although possibly complicated by extensive high-level crustal contamination in the more 
differentiated magmas (e.g. Turi and Taylor 1976), the involvement of a similar crustal component can
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also account for the isotopic and trace-element features of the Italian potassic suite. Several geochemical 
studies of Italian potassic lavas (e.g. Hawkesworth and Vollmer 1979, Civetta et al. 1981, Peccerillo et 
al. 1984) have also found that their rare-earth-element patterns typically possess pronounced negative Eu 
anomalies. None of the liquidus mineral phases in the lavas are capable of producing these Eu anomalies. 
Hawkesworth and Vollmer (1979) proposed that either a residual Ca2+- and Eu-rich phase was retained in 
the mantle sources of the lavas or that the "metasomatising" fluids involved possessed these anomalies. 
As the rare-earth-element patterns of upper crust and sediments typically possess negative Eu anomalies, 
this feature is also consistent with the involvement of a crustal contaminant within the magma sources. 
The radiogenic and oxygen isotope characteristics of even the most primitive of the Italian potassic lavas 
also strongly suggest the involvement of a crustal contaminant.
Although there is convincing tectonic and geochemical evidence for the operation of subduction 
during and after the Cambrian period within the Lachlan Fold Belt (see for example, Crook 1980 or 
Nelson et al. 1984), there is no clear evidence of an association of the southeast Australian leucitites with 
subduction processes. On the contrary, it is clear from Table 2.1 that the southeast Australian leucitites 
possess relatively high T i02 contents and have chemical affinities with anorogenic province potassic 
magmas rather than with arc magmas. The Ullung-do Island and southeast Australian leucitites 
isotopically resemble the lavas of some ocean islands, such as those of Kerguelen and Society Islands (see 
Figs. 2.4,2.5 and 2.6), and may therefore have been derived from hotspot plumes. In support of this, the 
studies of Wellman and McDougall (1974) and Sutherland (1983) have convincingly demonstrated an 
association of the southeast Australian leucitites with hotspot activity. Alternatively, in the case of the 
southeast Australian leucitites, the hotspot may have been responsible for the re-activation of the leucitite 
magma sources located within pre-existing enriched subcontinental lithosphere beneath the Lachlan Fold 
Belt. The trace-element enrichment of these subcontinental lithospheric sources may have been associated 
with subduction during the Cambrian.
2.6 Summary
The results of this and other studies indicate that many examples of potassic magmas from orogenic 
settings are derived from trace-element- and isotopically-enriched mantle sources. Two separate 
mechanisms by which this mantle enrichment may be generated have been identified:
1. Processes directly related to the operation of subduction - Mantle trace-element and isotopic 
enrichments are in this case due to "metasomatic" components (fluids or melts) derived from subducted 
lithosphere. Of potassic suites representing this group, two sub-groups are recognisable, based 
principally on isotopic differences. One sub-group, consisting of the Spanish lamproites, Italian 
potassic lavas such as those of San Venanzo and Cupaello, and the K-rich lavas from within the 
eastern Sunda and Banda arcs (Whitford et al. 1981, Vame 1985), display geochemical and isotopic 
evidence consistent with the involvement of crustal contaminants within their mantle sources. These 
magmas were probably derived from a subduction zone mantle wedge which has been contaminated by 
subducted sediments. The second sub-group, represented by Mt Muriah from the west Sunda arc, lacks 
any direct isotopic evidence of the involvement of crustal components. It is possible that melts or 
fluids derived from the subducted slab are also involved in this case, but that they have not imparted a
30
distinctive isotopic character to the lavas.
2. Processes related to hotspot activity - Some oceanic island lavas believed to be the products of 
hotspot activity, such as those of Kerguelen, Tristan da Cunha, Gough and Society Islands, have 
isotopic characteristics indicating derivation from enriched mantle sources (see, for example, White 
1985 and references cited therein). The Ullung-do Island leucitite isotopically closely resembles some 
of these ocean islands (see Figs. 2.4, 2.5 and 2.6), although the possibility that volcanism on the 
island is associated with subduction along the Japan arc cannot be confidently ruled out. Weaver et al. 
(1986) argued that the geochemical and isotopic characteristics of ocean-island magmas from enriched 
mantle sources (such as those of Kerguelen, Tristan da Cunha, Gough and Society Islands) are due to 
the involvement of a small amount of subducted sediment within their mantle sources. If this is the 
case, the distinction between hotspot-related and subduction-related mechanisms for the generation of 
isotopically anomalous mantle emphasised here becomes less obvious. Southeast Australian leucitite 
volcanism is clearly related to hotspot activity but it is unclear whether the hotspot plume is simply 
the trigger for volcanism from enriched sources within the subcontinental lithosphere or provides the 
source of the magmas themselves.
It is noteworthy that leucite-bearing rocks with moderate to high K2O /N a^  have also been reported 
from a number of ocean islands, such as Kerguelen and Tristan da Cunha (see Barker et al. 1964). Bishop 
and Woolley (1973) recognised two separate petrogenetic lineages, one sodic and one potassic, on the 
Marquesas Island of Ua Pu, whereas Duncan et al. (1986) demonstrated that the lavas of the island possess 
isotopic variations indicating derivation from isotopically heterogeneous mantle sources. Mildly potassic 
lavas (with K20  contents similar to or higher than N a ^ )  have also been reported from Gough (Le Maitre 
1962), Cape Verde, St Helena and St Paul Islands (see discussion in Gupta and Yagi 1980). It is also 
curious that mildly potassic lavas are generally confined to those ocean islands (such as Kerguelen, Tristan 
da Cunha and Gough) which possess relatively radiogenic 207Pb/204Pb values compared to the 
MORB-OIB Pb-Pb isotope array, as this feature has been attributed to the involvement of recycled 
sedimentary components (see, for example, Weaver et al. 1986). Differences in the K20/Na20  ratios of 
ocean-island lavas are usually attributed to differentiation processes, but it is possible that they are the 
result of partial melting of mantle sources which have undergone varying degrees of "metasomatic" 
trace-element enrichment. Further detailed geochemical and isotopic studies of these ocean-island lavas are 
required to evaluate this suggestion.
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3. Anorogenic potassic igneous provinces
3.1 Introduction
Many occurrences of potassic magmatism possessing enriched mantle isotopic characteristics intrude 
stabilised cratons (for example, the Western Australian lamproites, Group 2 South African kimberlites and 
Leucite Hills potassic lavas), suggesting that enriched mantle components may exist within the 
subcontinental lithosphere of these regions. In support of this, Richardson et al. (1984) found Sr and Nd 
isotopic compositions indicating ancient enrichment in sub-calcic garnet inclusions in diamonds from 
African kimberlites and argued that a harzburgitic subcontinental lithosphere, stabilized to depths within 
the diamond stability field since the Archaean, is the source of diamonds and by implication, 
diamond-bearing kimberlites and lamproites themselves. The mechanisms responsible for the generation 
of this enriched subcontinental lithosphere are presently unknown but have been the subject of much 
speculation. The low-velocity zone, defined by the attenuation of s-wave velocity and where the 
geothermal gradient approaches or intersects the melting curve, may contain small amounts of melt which 
are likely to be highly enriched in incompatible elements (c/. Green 1976). Cooling of the lithosphere 
may result in the incorporation of such incompatible-element-enriched material within the base of the 
subcontinental lithosphere, allowing its long term storage and eventually producing isotopically evolved, 
"enriched" mantle. Alternatively, as it is likely that most (if not all) cratonic blocks have at some stage 
in their evolutionary histories been rimmed by active continental margins, trace-element and isotopic 
enrichment of the subcontinental lithosphere by subduction-related processes is also conceivable.
This and the following three chapters present the results of Sr, Nd and Pb isotopic investigation of 
some representatives of potassic igneous rocks which have intruded stabilised cratons (termed "anorogenic" 
potassic rocks). The implications of the results of this study for the mechanisms responsible for 
generation of enriched subcontinental lithosphere will be discussed more fully in Chapter 7.
3.2 Samples
3.2.1 Western Australian lamproites
The early Miocene Western Australian lamproites consist of some -100 bodies intruding the 
Precambrian to Mesozoic basement rocks of the King Leopold Mobile Zone, the Lennard Shelf and the 
Fitzroy Trough, immediately south of the southwestern margin of the Precambrian Kimberley Block 
(Atkinson et al. 1984, see Fig. 3.1). Many of the intrusions are localised along deep west 
northwest-trending tensional faults and fractures with long histories of activity. Details of the 
geochemistry and mineralogy of the lamproites can be found in Jaques et al. (1984a) and Jaques et al. 
(1986a). The samples analysed for Pb isotopic composition in this study are the same as those analysed 
by McCulloch et al. (1983) for Nd and Sr isotopic composition. Some representative geochemical 
analyses of the Western Australian lamproites are given in Table 3.1.
Table 3.1 Representative major- and trace- element analyses of some relevant potassic rocks from 
anorogenic settings.
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Analysis
location
rock-type
1.
Ellendale
lamproite
2.
Noonkanbah
lamproite
3.
Gaussberg
leucitite
4.
Leucite Hills 
wyomingite
5.
Leucite Hills 
madupite
6.
Priestley Peak 
melasyenite
Si09 41.5 53.2 50.9 52.4 45.5 49.6
Ti02 3.62 5.84 3.42 2.5 2.4 3.27
ai2o 3 3.64 8.34 9.86 9.7 8.4 9.10
Fe209 - - 2.46 4.7 6.3 2.45
FeO 8.10 6.60 3.78 - - 4.06
MnO 0.13 0.08 0.09 0.06 0.11 0.08
MgO 25.00 7.80 7.95 7.2 9.7 8.77
CaO 4.99 3.22 4.63 4.6 10.1 5.32
Na^O 0.46 0.57 1.65 1.5 0.9 0.89
K90 4.12 9.89 11.61 10.2 6.9 9.83
P2°5 1.68 0.98 1.48 1.7 2.4 3.38
h 2o 6.36 2.98 1.22 - - 0.90
SO. - - 0.11 - - 0.53
C°2 0.45 0.50 0.05 - - 0.02
F - - 0.33 - - 1.03
SUM 100.23 100.00 99.54 100.80
Cr 1006 348 306 350 511 348
V 85 210 106 86 110 143
Sc 21 14 - 12 20 -
Ni 1004 346 233 256 192 298
Co 70 33 - 20 28 -
Cu 56 66 29 - - 80
Zn 71 77 79 - - 86
Li 9 10 - - - -
Cs - - - 2.0 3.0 -
Ba 10334 9871 5550 5730 7350 9700
Rb 479 275 315 279 210 314
Sr 1312 1184 1808 2500 5100 2590
Pb 50 52 40 27 57 58
Y 16 20 18 - - 36
Th 60 23 30 - - 48
U 2 3 2.5 - - 6
Zr 1133 1144 1270 1210 1004 1420
Nb 184 123 90 50 116 43
Mo 3 4 - - - -
Sn 9 13 2 - - -
Ga 4 17 18 - - 15
As - - 3.0 - - -
La 421 292 210 157 402 138
Ce 734 435 337 354 850 268
Nd - - - 131 292 -
Sm - - - 17.4 39 -
Eu - - - 4.2 8.0 -
Tb - - - 1.8 3.5 -
Yb - - - 1.3 1.6 -
1- 2 .  Ellendale (average of 89 olivine lamproite analyses) and Noonkanbah leucite lamproite (average of 
100 analyses) from Jaques et al. (1986a).
3. Gaussberg leucitite (average of 11 analyses) from Sheraton and Cundari (1980).
4 - 5. Leucite Hills wyomingite (major elements average of 23 analyses, trace elements are average 
values for wyomingites and orendites) and madupite (major elements average of 12 analyses) from 
Kuehner et al. (1981) and Vollmer et al. (1984).
6. Priestley Peak analysis from Sheraton and England (1980).
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Fig. 3.1 Generalised geology of the Kimberley region, northwest Australia, showing localities of the 
Ellendale (E), Calwynyardah (C) and Noonkanbah (N) lamproite fields.
3.2.2 Gaussberg leucitites
Gaussberg is an isolated volcano located on the eastern margin of the Antarctic continent (see Fig. 
5.1). Attempts have been made to relate Gaussberg volcanism to hotspot activity (Duncan 1981) but, as 
emphasised by Sheraton and Cundari (1980), there is no evidence relating the volcanism to any other area 
of Cainozoic volcanic activity. Isotopic analyses of granitic crustal xenoliths indicates their derivation 
from early Proterozoic or late Archaean crust (Collerson and McCulloch 1983), suggesting that Gaussberg 
is sited on stable continental basement Collerson and McCulloch (1983) have also presented Sr and Nd 
isotopic and some geochemical analyses of the Gaussberg samples analysed here for Pb isotopic 
composition. Gaussberg leucitites are characterised by extreme K20  (up to 12 wt%) and 
incompatible-element contents, high T i0 2 (averaging 3.4 wt%) and Mg/(Mg+Fe) values of -0.70 
(Sheraton and Cundari 1980). An average geochemical analysis is given in Table 3.1.
3.2.3 Leucite Hills potassic lavas
The Leucite Hills potassic volcanic field, Wyoming, consists of some 22 separate occurrences of 
probable Pleistocene age, which are believed to have intruded the Archaean Wyoming craton. The lavas 
are chemically remarkably similar to the Western Australian lamproites (see Table 3.1 and Fig. 3.2). 
Vollmer et al. (1984) determined 87Sr/86Sr values of between 0.7053 to 0.7061 and eNd of -10.5 to -17.0 
(see Fig. 3.3) and argued that the Leucite Hills lavas were derived from enriched mantle sources. After the 
isotopic results of Leucite Hills lavas presented here were obtained, Salters and Barton (1985) published a 
short abstract presenting new isotopic data which they had obtained for Leucite Hills lavas, including a 
range of Pb isotopic compositions. Their results indicated that Leucite Hills lavas possess low 
206Pb/204Pb of 17.23 to 17.59 and 207Pb/204Pb of 15.46 to 15.49, with madupites having generally
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higher 206Pb/204Pb and 208Pb/204Pb ratios than orendites and wyomingites.
Two hand-specimens of Leucite Hills lavas were obtained for analysis. In thin section, the samples 
consist of phenocrysts of phlogopite in a fine glassy groundmass and are therefore classified, following 
Kuehner et al. (1981), as wyomingites. Sample LH-4 is vesicular and LH-7 flow-textured.
The trace-element geochemistry of samples examined here is compared in Fig. 3.2, in which 
trace-element abundances have been normalised to estimated primitive mantle abundances. Noteworthy is 
the remarkable similarity in the trace-element characteristics of the Western Australian lamproites, 
leucitites from Gaussberg and potassic magmas from Leucite Hills and from east Antarctica (the latter are 
the subject of Chapter 5). The patterns show extremely high abundances of all trace elements and 
pronounced positive Ba spikes, with some patterns displaying prominent negative Nb anomalies.
33  Analytical Procedure
Western Australian and Gaussberg whole rock samples were provided as powders which had been 
crushed in a tungsten carbide swing mill. Mineral seperates (phlogopite and clinopyroxene from Western 
Australian lamproite samples) were leached in 6 N HC1 for ~10 minutes to remove surface contamination. 
About 250 to 500 mg of sample powder was dissolved in teflon pressure capsules in HF and HC104 at 
200 °C for at least 48 hours, the solution then evaporated and re-dissolved in 6 N HC1 in teflon pressure 
capsules at 200 °C for a further 24 hours. The resulting solution was then re-dissolved in 1 N HC1 and 
split into aliquots, one of which was spiked with mixed 85Rb-84Sr and 147Sm-150Nd spikes and the 
other aliquot used for Pb isotopic analysis. Where correction to the Pb isotopic composition for 
radiogenic decay of U was thought necessary, a third aliquot was mixed with mixed 235U-208Pb spike for 
U and Pb concentration analysis. The Leucite Hills hand-specimens were coarsely crushed in a stainless 
steel mortar and small (~15 mg) rock chips with fresh fracture surfaces were carefully selected for isotopic 
analysis. About 250 mg of hand-picked chips were leached in warm 1 N HC1 for ~15 minutes to remove 
surface contamination and dissolved in teflon beakers using HF-HC104 and 6 N HC1. The resulting 
solution was then processed for Pb isotopic analysis. Rb-Sr and Sm-Nd analysis was undertaken on 
unleached and leached hand-picked chips which were spiked with mixed 8~*Rb-84Sr and 147Sm-150Nd 
spikes and dissolved in teflon pressure capsules. Analytical techniques are described more fully in 
Appendix 1.
3.4 Results
Isotopic results are given in Tables 3.2 and 3.3 and presented diagrammatically in Figs. 3.3 to 3.5. 
3.4.1 Western Australian lamproites
Correction for radiogenic decay of U since emplacement of the Fitzroy lamproites during the Early 
Miocene (Wellman 1973, Jaques et al. 1984b) is small for 206Pb/204Pb (~ -0.04 for the highest U/Pb 
sample analysed, WAK-6L) and is insignificant for the other Pb isotope ratios. The lamproites have 
relatively low 206Pb/204Pb of from 17.24 to 17.88, extremely high and variable 207Pb/204Pb values 
ranging from 15.69 tol5.80 and 208Pb/204Pb of 37.80 to 38.59. Acid-washed clinopyroxene separated 
from the "P" Hill lamproitic intrusion (WAK-13L) has Pb isotopic composition within the range
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Fig. 3.2 Averaged trace-element abundances in lamproites from Western Australia, leucitites from 
Gaussberg and the Priestley Peak melasyenite dyke and Leucite Hills potassic lavas, normalised to 
estimated primitive mantle abundances (taken from McDonough et al. 1985 and Nelson et al. 1986a). 
These anorogenic potassic suites display similar trace-element patterns, with positive Ba concentration 
anomalies and small negative Nb anomalies. Data sources; Western Australian lamproites, Jaques et al. 
(1984a), McCulloch et al. (1983), this study; Gaussberg leucitites, Sheraton and Cundari (1980), 
Collerson and McCulloch (1983); Priestley Peak melasyenite, Sheraton and England (1980) and Leucite 
Hills lavas, Kuehner et al. (1981), Vollmer et al. (1984).
displayed by the Western Australian lamproitic suite. In addition, acid-washed phlogopite separated from 
the Mt Percy lamproite (WAK-10L) has Pb isotopic composition within analytical error of the host lava. 
These mineral isotope data indicate that the unusual Pb isotopic compositions of the Western Australian 
lamproites represent magmatic compositions and are unlikely to have been significantly affected by 
post-emplacement alteration. A distinctive feature of the Pb compositions is their unusual position to the 
left of the geochron (Fig. 3.4).
3.4.2 Gaussberg leucitites
Fission track, geomorphological and K-Ar studies suggest that Gaussberg volcanism is of Late 
Pleistocene-Recent age (Sheraton and Cundari 1980, Tingey et al. 1983) so corrections to the Pb isotopic 
data for age of emplacement are unnecessary. Leucitites from Gaussberg have similar Pb isotopic 
signatures to those displayed by the Western Australian lamproites, but with slightly lower 207Pb/204Pb 
(Fig. 3.4). Nd and Sr isotopic characteristics (Collerson and McCulloch 1983) of Gaussberg leucitites are 
also similar to those of the Western Australian suite except for the slightly lower 87Sr/86Sr (0.7097, 
compared with 0.710 to 0.720; McCulloch et al. 1983). A crustal xenolith (82-24) has Pb isotopic 
composition distinct from the host leucitite, with significantly higher 208Pb/204Pb. The very high 
208pb/204pb 0f ^  xenolith indicates that it is unlikely that the Pb isotopic compositions of the 
leucitites have been substantially modified by assimilation of crustal material like that of the xenolith.
Table 3.2 Strontium and neodymium isotopic analyses of Leucite Hills potassic lavas.
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Sample Rb Sr Sm Nd 87Rb/86Sr 87Sr/86Sra 147Sm/144Nd 143Nd/144Ndb
------ppm------
Leucite Hills, Wyoming
LH4 263 2137 15.79
LH-7 296 3022 20.69
LH-7 leached
124.0 0.3557 0.70593 ±4
157.1 0.2833 0.70564 ±5
0.70558 ±5
0.0770 0.51107 ±2 -14.9
0.0796 0.51103 ±2 -15.8
a Errors refer to within run precision at the 2amean level. Uncertainty in 87Rb/86Sr is 0.5% (2a). 
87Sr/86Sr normalised using 86Sr/88Sr = 0.1194. NBS-987 standard value is 0.71022 ±4. E & A 
standard carbonate value is 0.70800 ±3.
b Uncertainty in 147Sm/144Nd is 0.1% (2a). Nd isotopic ratios normalised using 146Nd/142Nd = 
0.636151. The value obtained for BCR-1 standard is 0.511833 ±20. eNd = [(143Nd/144Ndmeas / 
143Nd/144NdCHUR) -1] xlO4 where 143Nd/144NdCHUR = 0.511836.
3.4.3 Leucite Hills potassic lavas
Both Leucite Hills samples examined have high concentrations of Sr, Sm and Nd and high Nd/Sm 
ratios (and by implication, LREE/HREE). Sr and Nd isotopic compositions of the Leucite Hills 
wyomingites (Table 3.2) plot within the fields previously determined for wyomingites by Vollmer et al. 
(1984; see Fig. 3.3). U and Pb concentrations have not been determined, but average values for Pb of 27 
ppm were reported for orendite/wyomingites by Kuehner et al. (1981). The Pb isotope compositions of 
Leucite Hills wyomingites (Table 3.3) are slightly more radiogenic than those reported for wyomingites 
by Salters and Barton (1985) but are comparable to their results for madupites. The wyomingites have 
unradiogenic 206Pb/204Pb (Fig. 3.4) and plot to the left of the geochron. Their 208Pb/204Pb is 
particularly low compared to the other examples of potassic magmatism examined here (Fig. 3.5) and 
indicate a long time-integrated history of low Th/U. The isotopic characteristics of Leucite Hills potassic 
volcanics indicate a generally similar long-term history of Sm/Nd and U/Pb but generally lower Rb/Sr 
compared to other examples of potassic magmatism from Western Australia and Gaussberg.
3.5 Discussion
3.5.1 Isotopic characteristics of anorogenic potassic magmas
The results of this and other isotopic studies indicate that anorogenic potassic igneous suites are 
characterised by generally unradiogenic 143Nd/144Nd and 206Pb/204Pb and radiogenic 87Sr/86Sr and 
207Pb/204Pb. In contrast to potassic suites from young orogenic settings (see Fig. 2.4), anorogenic
oi or
potassic suites as a group possess a range of initial Sr/ Sr ratios which are not simply correlated with 
initial 143Nd/144Nd compositions (see Fig. 3.3). Furthermore, potassic magmas from anorogenic 
tectonic settings commonly possess considerably less radiogenic 206Pb/204Pb compositions than those 
from young orogenic tectonic settings (contrast the 206Pb/204Pb and 207Pb/204Pb isotopic results for 
orogenic suites given in Fig. 2.5 with those for anorogenic suites in Fig. 3.4).
37
Table 3.3 Uranium, thorium, lead concentration and lead isotopic data for anorogenic potassic suites.
S a m p le  U a Th
ppm -
Pb 238!U/204Pb 2°6pb/204Pbb
m e a s  in it ia l
207Pb/204Pb
m e a s
208pb/204pb 
m e a s  in it ia l
W estern  A ustra lian  lam proites
WAK-2L Mt North (7) (54) 64.6 (7.8) 17.440 (17.42)c 15.773 38.414 (38.35)c
WAK-6L Oscar Plug (8) (21) (46) (12.5) 17.538 (17.50) 15.687 38.043 (38.01)
WAK-10LMt Percy (8) (68) 104 (5.5) 17.324 (17.31) 15.733 38.194 (38.15)
phlogopited - - - 17.342 15.736 38.167
WAK-11L Noonkanbah - (37) - 17.448 15.724 38.079
WAK-13L ’P’ Hill cpxd - - - 17.352 15.729 37.919
WAK-14L Fishery Hill (1) (21) (51) (1-4) 17.239 (17.23) 15.716 37.797 (37.77)
WAK-25L Walgidee Hill (3) (25) (46) (4.7) 17.414 (17.40) 15.729 38.096 (38.06)
WAK-30L Walgidee Hill (2) (30) (23) (6.2) 17.485 (17.46) 15.694 38.046 (37.95)
WAK-15K Ellendale (<1) (59) (32) (<2.2) 17.594 (17.59) 15.764 38.466 (38.33)
WAK-16K Ellendale 3.23 (18) (22) (6.6) 17.882 (17.86) 15.741 38.593 (38.53)
WAK-17L Ellendale 2.10 (14) (50) (7.2) 17.287 (17.26) 15.758 38.140 (38.12)
WAK-20K Ellendale (4) (60) (47) (6.1) 17.454 (17.43) 15.705 38.300 (38.21)
WAK-21K Ellendale (2) (63) (53) (2.7) 17.473 (17.46) 15.730 38.369 (38.28)
WAK-27L Ellendale (2) (31) 41.3 (3.5) 17.508 (17.50) 15.796 38.572 (38.52)
G aussberg
82-24 crustal xenolith - - - - 18.083 15.721 41.384
82-27 leucitite - - - 17.602 15.674 38.478
82-30 leucitite - - - 17.588 15.649 38.402
L e u c ite  H ills
LH-4 wyomingited - - - 17.596 15.535 37.441
LH-7 wyomingite - - - 17.494 15.556 37.500
LH-7 wyomingited - - - 17.47 15.56 37.46
a U, Th and Pb concentrations in brackets determined by XRF analysis (from A.L. Jaques, personal 
commmunication). Other concentration values determined by isotope dilution mass spectrometry.
b Errors (based on two way analysis of variance of duplicate analyses) at the l a  level; 206Pb/204Pb 
±0.011, 207Pb/204Pb ±0.014, 208Pb/204Pb ±0.033. The values obtained for NBS-981 during this 
study (average of 7 analyses) are; 206Pb/204Pb = 16.927 ±0.009, 207Pb/204Pb = 15.486 ±0.013, 
208Pb/204Pb = 36.668 ±0.044.
c Corrected for 238U and 232Th decay since emplacement, using 20 Ma for Western Australian 
lamproites. The age correction to 207Pb/204Pb is insignificant compared to the analytical error for 
all samples.
d Pb isotopic analysis undertaken on acid-leached samples.
87Sr/86Sr and 143Nd/144Nd values for the Western Australian lamproites (from McCulloch et al. 
1983 and Fraser et al. 1985) display a weak negative correlation (see Fig 3.6). The incompatible-element 
characteristics, radiogenic 87Sr/86Sr and 207Pb/204Pb and unradiogenic 143Nd/144Nd of the Western 
Australian lamproites and other examples of anorogenic potassic magmatism may be attributed to the 
involvement of crustal contaminants. However, these magmas are insensitive to crustal contamination 
processes because of their extremely high concentrations of trace elements, including Sr, Pb and the 
rare-earth elements. Geochemical considerations exclude their contamination by bulk assimilation
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Fig. 3.3 Initial Sr-Nd isotope correlation for anorogenic potassic and selected kimberlitic rocks, compared 
to the field for mid-ocean ridge basalts. Data sources- MORB: as in Fig. 2.4. Potassic rocks: Collerson 
and McCulloch (1983), McCulloch et al. (1983), Smith (1983), Vollmer and Norry (1983a), Vollmer et 
al. (1984), Fraser et al. (1985), Weis and Demaiffe (1985) and this study.
A
4 A
t □ □
T
t * *A a
*%
D a ♦
♦ ♦
MORB
WA leuc. lamp. 
WA ol. lamp. 
Gaussberg 
Leucite Hills 
Smoky Butte 
S. African Gp 1 
S. African Gp 2 
Ziare kimb. 
Sabinyo 
Bufumbira 
Virunga
•  ♦  
♦ ♦ ♦  ♦♦
D
□c  □
processes because of the substantial amounts of crustal material required to modify their isotopic 
compositions. For example, because of the extreme degree of LREE-enrichment of these magmas, bulk 
assimilation of felsic granulite within the lower continental crust will effectively dilute their 
incompatible-element contents and should therefore produce a positive correlation between Nd 
concentration and eNd. In the case of the Western Australian lamproites, a correlation in the opposite 
sense is observed (Fig. 3.7). Although selective contamination processes (for example, by highly 
LREE-enriched phases such as monazite or allanite) could account for this correlation, there is no evidence 
in the trace-element patterns (i.e. large positive Th or P20 5 spikes) of the assimilation of such phases, 
nor can this process explain the Sr or Pb isotopic characteristics of these magmas. Crustal contamination 
via specialised mechanisms, such as volatile transfer or zone refining, is unable to account for the high 
Mg-numbers and Ni and Cr contents or the presence of mantle xenoliths (and in one case, diamonds).
An alternative interpretation which may account for the unusual geochemical and isotopic properties 
of these magmas, such as their generally high MgO, Ni, Cr and low A120 3, CaO and NajO, is that they 
were derived from relatively depleted (lherzolitic or harzburgitic) mantle sources which have been 
contaminated by "metasomatic" components possessing enriched mantle isotopic characteristics. Weak 
correlations are evident between K20/N a20  and Sr and Nd isotopic compositions in the Western 
Australian lamproites (see Fig. 3.8 and Fig. 3.9), consistent with this interpretation. The very high 
abundances of incompatible trace elements and the steep LREE-enriched rare-earth element patterns 
characteristic of these magmas also suggest that the sources of these magmas have undergone 
re-fertilisation with incompatible trace elements. Otherwise, unrealistically small degrees of partial 
melting (substantially less than 1%) would be required to generate such trace-element enrichment by 
derivation of the magmas from primitive or trace-element depleted mantle sources.
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Fig. 3.6 Initial Sr-Nd isotope correlation for the Western Australian lamproites. A weak negative 
correlation is evident. Data from McCulloch et al. (1983) and Fraser et al. (1985).
Compared to other examples of continental potassic magmatism considered to be derived from 
enriched mantle sources, Leucite Hills and Smoky Butte potassic lavas have similar or less radiogenic 
143Nd/144Nd and have significantly less radiogenic 87Sr/86Sr (Fig. 3.3). The isotopic differences 
displayed by these potassic suites may be due to differences in the isotopic compositions of 
the"metasomatic" contaminants involved, to the existence of different long-term Rb/Sr and Sm/Nd ratios 
within the "metasomatised" source regions of the magmas and/or to differences in the time elapsed 
between enrichment and magma generation events. Alternatively, the trend may be the result of mixing 
of two components (for example, the MORB source and an enriched mantle source having Sr and Nd 
isotopic characteristics like the Spanish or Western Australian lamproites) as was suggested by 
McCulloch et al. (1983). If mixing between enriched and depleted mantle components is involved, the 
Leucite Hills Sr and Nd isotopic characteristics, for example, may indicate that the depleted mantle 
end-member is more strongly influencing the Sr isotopic composition of the mix (i.e. the ratio 
[Sr/NdjjytSr/NdJg is larger) than is the case in the Western Australian and other examples.
The distinctive Pb isotopic signatures of the Western Australian lamproites, Gaussberg leucitites and 
Leucite Hills lavas is indicative of ancient sources which have had high U/Pb early in their histories, 
followed by more recent low U/Pb, relative to the array displayed by mid-ocean ridge and ocean-island 
basalts. In contrast, the sources of most mid-ocean ridge and many ocean-island basalts have undergone an 
increase (either progressively or episodically) in their U/Pb ratios. The Western Australian lamproites 
display little variation in 206Pb/204Pb for the correspondingly large variation in 207Pb/204Pb. 
McCulloch et al. (1983) modelled the correlation between Nd and Sr isotopes displayed by the Western 
Australian lamproites by mixing of enriched and depleted components. This is consistent with the Pb
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Fig. 3.7 Nd isotopic composition versus 100 times the reciprocal of the Nd concentration for the Western 
Australian lamproites. Custal contamination by bulk assimilation processes should result in a negative 
correlation on this diagram. However, a weak positive correlation evident, suggesting that the 
unradiogenic Nd isotopic compositions are not due to bulk assimilation of continental crustal material. 
Data from McCulloch et al. (1983) and Fraser el al. (1985).
isotope variation, which is most readily explained by mixing. However, rather than trending towards the 
present-day MORB field on the 206Pb/204Pb - 207Pb/204Pb diagram (Fig. 3.4), the Western Australian 
lamproite array (excluding WAK-16L) appears to extend to more primitive 206Pb/204Pb values. The 
array may result from the mixing, at some time in the past, of a high 207Pb/204Pb component with a 
MORB component (i.e. when the MORB reservoir had 207Pb/204Pb = 15.5 like the present-day value, 
but had 206Pb/204Pb less than ~ 17.0). A primitive or (more probably) depleted mantle component 
which dominates the major elements can account for the high MgO, Ni, Cr and low A120 3, CaO and 
Na20  contents of Western Australian, Gaussberg and Leucite Hills potassic magmas, whereas a 
"metasomatic" component enriched in incompatible elements and which dominates the isotopic 
characteristics can account for their trace-element contents. If produced at depth, these metasomatic 
components may pass through isotopically different regions of the mantle and subcontinental lithosphere, 
resulting in the observed isotopic correlations.
3.5.2 Significance of the high 707Pb/204Pb, low 206Pb/704 Pb components
That ultrapotassic rocks from Gaussberg, Western Australia and Leucite Hills possess similar 
unusual isotopic compositions is strong evidence for their generation by a common process. Although 
their 87Sr/86Sr, 143Nd/144Nd and 207Pb/204Pb isotopic characteristics are more like those of the upper 
continental crust, many aspects of their major- and trace-element characteristics, such as their high 
Mg/(Mg+Fe) and Ni and Cr contents and the presence of mantle xenocrysts (and in the case of the Western
0.7200
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Fig. 3.8 Correlation between initial Sr isotopic composition and K20/Na20  for the Western Australian 
lamproites. A very weak positive correlation is evident, consistent with the contamination of the sources 
of the lamproites by a high K20/Na20 , radiogenic Sr component. Data from McCulloch et al. (1983) 
and Jaques et al. (1986a).
■ WA leuc. lamp. 
°  WA ol. lamp.
r=0.44
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Fig. 3.9 Correlation between initial Nd isotopic composition and K20/Na20  for the Western Australian 
lamproites. Data sources given in Fig. 3.8.
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Australian lamproites, diamonds) are more consistent with a mantle origin. In the following modelling of 
the isotope data, some general inferences about the long term histories of the sources of the Western 
Australian lavas are made.
The unusual Pb isotopic compositions of these suites require an evolution involving at least two 
stages. A general model of the evolution of their Pb is shown in Fig. 3.10. Modelling of the high 
207Pb/204Pb, low 206Pb/204Pb component recognised in the Western Australian lamproites (see 
Appendix A2.1 for a listing of the computer program used for this modelling) allows the ranges of 
possible values of ß j  and ß2 and minimum age for tj,  the time of differentiation of the component from 
the mantle, to be determined. Figure 3.10 shows, for selected values of tj, the range of possible values 
for Hj and ß2 plotted against t2, the time at which the U/Pb ratio was lowered. The modelling uses the 
Pb composition of the Western Australian lamproite having the highest 207Pb/204Pb and relatively low 
206pb/204pb (WAK-27L), regarded as the least contaminated by Pb from other sources. In the case of an 
evolution involving two stages (where tj  =  tQ), the range of possible values for ß j  and fi2 is given by 
the tj  =  4.5 Ga curves. For decreasing values of t2, ßj  approaches 8.6 while ß2 approaches zero, until at 
t2 -500 Ma, ß2 becomes negative and it is not possible to generate the measured Pb composition of 
WAK-27L. Because a two stage model requires the existence of an extremely ancient, moderately high 
U/Pb reservoir, perhaps the only instance where a two-stage model could be applied is when the first stage 
reservoir is known to be very ancient sialic crust.
A more general and geologically more plausible three-stage model differs from the two stage case in 
having an earlier period prior to the high U/Pb stage during which the Pb evolves in the 'normal' mantle 
reservoir with ß Q -8.0. It can be seen from Fig. 3.10 that younger values of tj require higher n2 and 
lower ß2 » unt^ at ~2.1 Ga ju2 < 0 and it becomes impossible to produce the Pb isotopic composition 
of WAK-27L. A first-stage ß Q -  8.0 has been used, based on ore Pb isotope data from Archaean 
greenstone belts (e.g. Tilton 1983, Roddick 1984, Dupr6 et al. 1984) although the three-stage modelling 
is not particularly sensitive to the value of ß Q. For example, no solutions are possible for tj <2.1 Ga 
using the Cumming and Richards (1975) Model 3 growth curve based on conformable ores, which is 
considered to provide a reasonable upper limit of the value of time integrated ß0 evolution for the mantle 
(as ores are likely to contain some Pb derived from the crust), while using values of ß 0 < 8.0 will tend to 
increase the minimum allowable values of
The three-stage modelling establishes that the Pb component identified in the Western Australian 
lamproites cannot have differentiated from primitive mantle at times less than 2.1 Ga ago. From Fig. 
3.10 it is apparent that for older values of tj, lower and more geologically reasonable values of ßj  are 
possible. Younger values of tj require higher values for ß j  or longer periods between the events tj  and
l 2 '
Additional information about the source history of the Western Australian lamproites is provided by 
their Sm-Nd isotopic systematics. For example, Zindler et al. (1984) estimated that during low degrees of 
modal melting (~ <1%) of a garnet lherzolite source, the Sm/Nd ratio of the melt will be at least one half 
that of the source. The measured Sm/Nd values of the Western Australian lamproites are relatively 
constant at -0.11 (McCulloch et al. 1983), implying a source Sm/Nd of at least 0.22. A minimum 
period of 2.1 Ga is required for a source with Sm/Nd ratio equal to or greater than this value to evolve the
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Fig. 3.10 Three-stage evolution of the sources of Pb in the Western Australian lamproites. At time t]t 
the components differentiate from the mantle reservoir with higher 238U/204Pb (jij) and at time t2 an 
event lowers the U/Pb (ß2) of the components. The initial Pb compositions at tQ are those of Canyon 
Diablo troilite (Tatsumoto 1973). A mantle reservoir ßQ of 8.0 and the end Pb isotopic composition of 
WAK-27L have been used. Solutions are given for ß j  (upper curves) and fi2 (lower curves) for selected 
values of tj (in Ga), plotted against t2 on the lower axis, for two- and three-stage models. The tj = 4.5 
Ga curves give the range of possible values of ß j  and ß 2 for a model involving only two stages. For a 
three stage model, younger values of tj require higher values of ß j  and lower values of ß 2 until at tj 
~2.1 Ga, values of ß2 become negative.
Nd isotopic compositions observed in the Western Australian lamproites from an initially depleted mantle 
source. As the Pb isotope data indicates a more complex history, probably involving at least two stages, 
the calculated Nd depleted mantle model source ages should be regarded as an estimate of the minimum age 
of first differentiation of the lamproite sources from primitive mantle (cf. McCulloch et al. 1983). The 
minimum estimate of ~2.1 Ga for the differentiation event is in accord with the value determined from the 
Pb isotopic systematics.
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3.5.3 Implications for the genesis o f anoro genic potassic magmas
The available geochemical and isotopic data taken from this and other earlier studies favour the 
generation of many examples of continental potassic volcanism by the invasion of regions of the 
subcontinental mantle by isotopically foreign, incompatible-element-enriched "metasomatic" components. 
In many cases these components possess radiogenic 87Sr/86Sr and 207Pb/204Pb combined with 
unradiogenic 206Pb/204Pb and 143Nd/144Nd relative to modem mid-ocean ridge basalts, indicating that 
the sources of these components have had long and complex histories. The trace-element and isotopic 
identity of the resulting melts is strongly influenced by that of the added component and may result in 
isotope/isotope and isotope/abundance relations indicative of mixing. In addition to Western Australian, 
Gaussberg and Leucite Hills lavas examined here, the isotopic characteristics of potassic lavas from 
Virunga (Vollmer and Norry 1983a) are also consistent with the addition to their sources of a similar 
radiogenic 207Pb/204Pb and 87Sr/86Sr, unradiogenic 143Nd/144Nd component, but the sources of the 
Virungan lavas may have evolved variable 87Sr/86Sr since the mixing event.
That most examples of potassic magmatism possessing highly evolved, enriched mantle isotopic 
characteristics intrude stabilised Precambrian cratons is strong indirect evidence that the subcontinental 
lithosphere acts as a storage site for these enriched mantle components. Their unusual Sr and Nd isotopic 
compositions may therefore have evolved during this period of storage within the subcontinental 
lithosphere. However, the Pb isotopic compositions of these potassic magmas indicate that although 
their sources possessed generally low U/Pb ratios during their more recent history (i.e. probably during 
the time of their storage within the subcontinental lithosphere), these components possessed substantially 
higher U/Pb ratios (i.e. |i > 8) earlier in their history. The most reasonable interpretation of these 
distinctive Pb isotopic compositions is that these components possessed generally radiogenic 
207Pb/204Pb values prior to their incorporation within the lithosphere. This constrains the sources of 
these components, prior to their incorporation into the subcontinental lithosphere, to a few geological 
reservoirs;
1. Subducted sediments - the findings of this study are consistent with the recent proposal of 
Thompson et al. (1984) that potassic magmas may be derived from subducted sedimentary 
components. As sediments derived from old continental provenances typically possess radiogenic 
87Sr/86Sr and unradiogenic 143Nd/144Nd, the enriched mantle Sr and Nd isotopic characteristics of 
anorogenic potassic magmas may be inherited from the sediments themselves. Alternatively, the 
enriched mantle Sr and Nd isotopic character may be the result of the isotopic evolution of portions of 
the subcontinental lithosphere which have become enriched in incompatible elements by 
subduction-related processes. Although Western Australian, Gaussberg, Leucite Hills and Virungan 
ultrapotassic magmas cannot be obviously related to any modem subduction zone, the antiquity of the 
source enrichments indicated by the isotopic data suggest that subduction processes cannot be 
discounted. These subducted sedimentary components may become incorporated within the 
subcontinental lithosphere during periods of active subduction along the cratonic margins.
2. Ocean-island "plume" melts - radiogenic 207Pb/204Pb values are also found in the alkali basalts 
of some ocean islands. These ocean-island Pb isotopic signatures have been interpreted as indicating 
derivation from high U/Pb subducted oceanic lithosphere having mantle residence times of at least ~1
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Ga (Chase 1981, Hofmann and White 1982). Partial melting of subducted "megaliths" may cause 
incompatable-element-enriched diapirs to rise upward, contaminating the overlying regions of the 
mantle and manifesting as hotspots in oceanic regions (and possibly also in regions of relatively thin 
subcontinental lithosphere). In regions of thick lithosphere, these "plumes" may underplate the 
subcontinental lithosphere. After a considerable period of storage within the lithosphere, this 
underplated material may be re-activated, manifesting as highly potassic igneous activity. The 
enriched mantle Sr and Nd isotopic characteristics may have evolved during the period of storage 
within the subcontinental lithosphere.
3.6 Summary
Important geochemical and isotopic differences justify the distinction between potassic magmatism 
occurring within stable Archaean cratonic environments (i.e. so-called "anorogenic" settings) and that 
found within tectonically younger environments (termed "orogenic" environments in this thesis). It is 
apparent that representatives of the anorogenic potassic suite possess the most evolved isotopic 
characteristics so far identified for mantle-derived magmas. Several examples from unrelated continental 
regions possess generally similar unusual isotopic features (i.e. moderately to highly radiogenic 
87Sr/86Sr and 207Pb/204Pb, and highly unradiogenic 143Nd/144Nd and 206Pb/204Pb) requiring 
derivation from sources which have undergone similar complex, multistage evolutionary histories and 
suggesting their generation by a common mechanism. There is strong circumstantial evidence that some 
aspects of these isotopically unusual characteristics have evolved during a long period of storage within 
the subcontinental lithosphere. However, the multistage evolutionary histories of U/Pb variation indicate 
that these unusual components probably possessed radiogenic 207Pb/204Pb relative to that of the Earth's 
mantle prior to their incorporation within the subcontinental lithosphere, suggesting that they were 
originally derived from either upper continental crustal or from ocean-island-like sources.
Further detailed discussion and assessment of these results can be found in Chapter 7.
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4. The Mordor Complex 
4.1 Introduction
Well-preserved examples of potassic magmatism older than Phanerozoic age are particularly rare in 
the geological record. This apparent scarcity of Archaean or Proterozoic examples of potassic magmatism 
might suggest that the prevailing conditions did not favour the generation of these chemically unusual 
magmas during the earlier part of the Earth's history, perhaps as a result of the generally higher heatflow 
or the operation of a different tectonic regime. As many Phanerozoic occurrences of potassic magmatism 
are now known to possess isotopic characteristics indicating derivation from enriched mantle sources, it is 
of particular interest to establish whether this is also the case for older examples, particularly if models for 
the generation of potassic magmatism involving recycling processes (discussed in Chapter 7) have 
validity.
The Mordor Complex, located ~50 km east-northeast of Alice Springs in central Australia (see Fig. 
4.1), consists of well-preserved, highly differentiated alkaline magmas ranging in composition from 
phlogopite-bearing werhlites and lherzolites to consanguinous monzonites and syenites (Langworthy and 
Black 1978). Foley et al. (1987) have recently pointed out that the few Proterozoic occurrences of 
potassic magmatism known are predominantly lamproites (members of their Group 1) which are 
distinguished by their low contents of A120 3, CaO and Na20  and high K20/A120 3. However, in 
contrast to lamproites, the Mordor magmas are only mildly peraluminous and are potassic to 
ultrapotassic, with atomic K20/Na20  between 2 and 5. The Mudtank carbonatite (examined in Section B 
of this thesis) is situated 50 km to the north-northwest of the Mordor Complex, providing further 
evidence of a possible relationship (if not a genetic link, then perhaps a tectonic one) between 
potassic/kimberlitic and carbonatitic magmatism. Langworthy and Black (1978) have shown that samples 
of the Mordor Complex display a continuous smooth variation in chemical features which can be 
accounted for entirely by differentiation and fractionation processes and also argued that contamination of 
the magmas by the Precambrian leucocratic gneiss and amphibolite country-rock was inconsistent with 
geochemical and Sr isotopic systematics. Rb-Sr whole-rock data obtained by these authors indicated an 
age of -1100 Ma with an initial 87Sr/86Sr ratio of 0.7106 ±0.0006. The high initial 87Sr/86Sr ratio, 
confirmed by two internal (mineral) isochrons, is of particular interest, and was interpreted by Langworthy 
and Black (1978) as a primary feature of the source magma from which the complex differentiated. The 
extensive differentiation of the Mordor Complex has resulted in a wide range in the Sm/Nd ratio and the 
complex is therefore suitable for analysis using the Sm-Nd technique, enabling the precise determination 
of both the age and the 143Nd/144Nd initial ratio. An important advantage of the Sm-Nd isotopic system 
over the Rb-Sr system is the greater immobility of the rare-earth elements compared to Rb and Sr during 
metamorphism, so the possible effects of metamorphic resetting of the Rb-Sr isotopic system can also be 
evaluated.
This study was undertaken in order to evaluate the assertion of Langworthy and Black (1978) that the 
radiogenic initial 87Sr/86Sr and the variability of the initial Sr isotopic composition of the complex are 
primary features, and to determine the initial Nd isotopic composition of the complex. An unradiogenic 
initial 143Nd/144Nd ratio accompanying the radiogenic initial 87Sr/86Sr of the complex will suggest that
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Fig. 4.1 Location of the Mordor Complex, Arunta Block. Locations of the Mudtank carbonatite and the 
South Australian kimberlite/carbonatite province are also shown.
Proterozoic potassic magmas are also derived from so-called "enriched mantle" sources, as has been found 
for younger (mostly Phanerozoic) examples. The samples used in this study are those used in the study of 
Langworthy and Black (1978) and because they are petrographically and geochemically fresh, selected 
whole-rock samples were also analysed for U and Pb concentrations and Pb isotopic compositions, in an 
attempt to determine the initial Pb isotopic characteristics of the complex.
42  Analytical Procedure
Samples were supplied as powders which had been crushed in an agate Siebtechnik mill. About 500 
mg of sample powder was dissolved in cone. HF-HC104 in teflon pressure capsules at 200 °C for at least 
48 hours, the resulting solution evaporated and the sample re-dissolved in 6 N HC1 in teflon pressure 
capsules for a further 24 hours. The sample was then re-dissolved in 1 N HC1 and split into 3 aliquots, 2 
of which were mixed with 147Sm-150Nd (for Sm-Nd concentration and Nd isotopic composition analysis) 
and 235U-208Pb (for U and Pb concentration analysis) spikes respectively and the third used for Pb 
isotopic composition analysis, following procedures which are described more fully in Appendix 1.
4.3 Results
4.3.1 Sm-Nd isotopic analysis
The results of Sm-Nd analysis are presented in Table 4.1. Measured Nd/Sm ratios range from 4.7 to 
6.2, indicating that the magmas are moderately LREE-enriched, and the measured 143Nd/144Nd ratios 
range from £jqd(0) of -19.9 to -24.3. The results define a poorly-constrained Sm-Nd isochron (Fig. 4.2) 
indicating an age of 1100 ±280 Ma (MSWD = 0.53; all quoted errors are at the 95% confidence level) and 
with an initial eNd of -10.3 ±3.1. The large error in the age and initial ratio of the Sm-Nd isochron is
Table 4.1 Samarium-neodymium isotopic data for the Mordor Complex.
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Sample Sm
— ppm
Nd 147Sm/144Nda 143Nd/144Ndb eNd(°)
p  C
eNd
3434 phlog. lherzolite 3.248 16.82 0.1167 0.51073 ±2 -21.7 -10.2
3435 phlog. lherzolite 11.88 56.02 0.1283 0.51074 ±2 -21.4 -11.6
3438 phlog. hy. shonkinite 6.132 78.04 0.1070 0.51066 ±3 -23.1 -10.2
3441 phlog. lherzolite 12.15 63.45 0.1158 0.51073 ±3 -21.5 -9.9
3446 phlog. shonkinite 16.73 95.73 0.1057 0.51068 ±2 -22.5 -9.5
3450 phlog. wehrlite 8.32 40.31 0.1248 0.51082 ±2 -19.9 -9.6
3452 phlog. wehrlite 12.45 72.22 0.1259 0.51079 ±3 -20.4 -10.2
4142 syenite 9.73 60.39 0.0975 0.51060 ±3 -24.1 -9.9
4202 melamonzonite 21.92 128.07 0.1035 0.51064 ±2 -23.3 -9.9
4213 monzonite 28.24 170.43 0.1002 0.51063 ±2 -23.5 -9.7
4578 shonkinite 11.42 68.40 0.1010 0.51059 ±2 -24.3 -10.6
a Uncertainty in 147Sm/144Nd is 0.1% (2a).
b Nd isotopic ratios normalised using 146Nd/142Nd = 0.636151. The value obtained for BCR-1 
standard is 0.511833 ±20. eNd(0) = (143Nd/144Ndmeas/ 143Nd/144NdCHUR -1) x 104 where 
143Nd/144NdCHUR = 0.511836.
c eNd calculated at 1.12 Ga using 147Sm/144NdCHUR = 0.1967.
mainly due to the limited spread in the measured 147Sm/144Nd and 143Nd/144Nd ratios. The low 
MSWD indicates that the points fit the isochron within their assigned analytical error. One sample 
(#3435) with higher 147Sm/144Nd is not within experimental error of the line defined by the other points 
and has been omitted from the regression. The Sm-Nd isochron age is in general agreement with the age 
of 1120 ±90 Ma determined from whole-rock and mineral Rb-Sr isochrons (re-calculated from 
Langworthy and Black 1978, using the revised decay constants recommended by Steiger and Jäger 1977). 
The negative initial eNd suggests that the magmas comprising the complex were derived from a source 
which was LREE-enriched for probably at least ~600 Ma prior to their emplacement, consistent with the 
assertion of long-term high Rb/Sr in the source made by Langworthy and Black (1978) from consideration 
of the Rb-Sr isotopic systematics.
4.3.2 U-Pb isotopic analysis
The U and Pb concentration and Pb isotopic results are given in Table 4.2. Measured U/Pb ratios are 
generally low (< 6.45), apparently a common feature of many potassic magmas (for example, low U/Pb 
ratios are also found in the Western Australian lamproites, see Chapter 3). On a Pb-Pb isotope diagram 
(Fig. 4.3) the measured Pb isotopic compositions form an approximately linear array with a slope (0.130) 
corresponding to an age of -2100 Ma, which is -1000 Ma older than the emplacement age of the Mordor 
Complex indicated by the Rb-Sr and Sm-Nd isochrons. The degree of variation of the Pb-Pb correlation 
from a linear array is greater than can be accounted for by experimental error alone. Regression of 
238U/204Pb against 206Pb/204Pb (Fig. 4.4) gives a Model 3 age of 1000 ±240 Ma, in agreement with 
the ages obtained by Rb-Sr and Sm-Nd methods, with a poorly defined initial ratio of 16.52 ±0.19. The
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Fig. 4.2 147Sm/144Nd -l43Nd/144Nd isochron diagram for the Mordor Complex.
Model 3 fit indicates that the error in the regression is independent of the U/Pb ratio and is therefore more 
likely to be due to variability in the initial ratio rather than post-emplacement mobility of U or Pb. 
Langworthy and Black (1978) have also argued that the complex may have possessed some variation in 
the initial Sr isotopic composition. Sample #3441, which has considerably higher 207Pb/204Pb than the 
other samples, does not lie on the 238U-206Pb isochron. The disparity between the 238U-206Pb and 
Pb-Pb isochron ages is due at least in part to the omission of sample #3441 and the absence of 3 data 
points (samples #3446, #3450 and #4142), for which U concentrations have not been determined, from 
the 238U-206Pb regression. As the 238U-206Pb system has (at least partly) recognised the 1.12 Ga 
emplacement event, it is unlikely that the 2.1 Ga age indicated by the Pb-Pb correlation has any direct 
chronological meaning. Instead, the Pb-Pb array probably reflects variation in the initial Pb isotopic 
compositions, particularly the initial 207Pb/204Pb, during the emplacement event at 1.12 Ga (for further 
discussion, see below).
The initial 206Pb/204Pb and 207Pb/204Pb ratios calculated using the measured 238U/204Pb ratios 
and an age of 1.12 Ga are given in Table 4.2. Apart from sample #3441, the calculated initial ratios lie 
within a relatively narrow range of from 16.35 to 16.58 for 206Pb/204Pb and from 15.45 to 15.54 for 
207Pb/204Pb. This initial Pb isotopic composition estimated for the Mordor Complex is considerably 
more radiogenic than the values estimated for the MORB mantle reservoir (which can be approximated by 
a single stage curve with |± = 8; see discussion in Chapter 3) at 1.1 Ga and comparable to those of the 
Cumming and Richards (1975) Model 3 Pb ore growth curve at this time.
Table 4.2 Uranium-lead isotopic data for the Mordor Complex.
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Sample Ua
— ppm
Pb 238U/2°4pb 206Pb / 
meas
204p^b
initial
207Pb/204Pb 
meas initial
208Pb/204Pb
meas
3434 phlog. lherzolite 0.251 5.693 3.13 16.942 (16.35)c 15.517 (15.47) 38.162
3435 phlog. lherzolite 0.919 21.14 3.10 16.963 (16.37) 15.537 (15.49) 38.237
3438 phlog. hy. shonk. 1.127 24.19 3.32 17.088 (16.46) 15.551 (15.50) 38.198
3441 phlog. lherzolite 0.978 25.17 2.79 17.397 (16.87) 15.601 (15.56) 38.293
3446 phlog. shonkinite 12.04 16.979 15.498 37.715
3450 phlog. wehrlite 3.439 16.902 15.491 37.289
3452 phlog. wehrlite 0.064 3.341 1.13 16.666 (16.41) 15.480 (15.46) 37.233
4142 syenite 35.48 16.639 15.457 36.826
4202 melamonzonite 1.190 36.03 2.34 17.027 (16.58) 15.523 (15.49) 37.713
4213 monzonite 0.223 9.83 1.60 16.882 (16.58) 15.560 (15.54) 37.509
4578 shonkinite 3.219 36.58 6.45 17.645 (16.42) 15.587 (15.49) 39.669
a U and Pb concentrations determined by isotope dilution mass spectrometry. Uncertainty in 
238u/204pb js estimated at <0.5% (2cr).
b All Pb isotopic analyses performed in duplicate. Errors (based on two-way analysis of variance of 
duplicate analyses) at the l a  level; 20(5Pb/204Pb ±0.011, 207Pb/204Pb ±0.014, 208Pb/204Pb 
±0.033. The values obtained for NBS-981 during this study are; 206Pb/204Pb = 16.927 ±0.009, 
207Pb/204Pb = 15.486 ±0.013, 208Pb/204Pb = 36.668 ±0.044.
c Age corrections to Pb isotopic ratios (in brackets) calculated using an age of 1.12 Ga.
4.4 Discussion
4.4.1 Analysis of the excess scatter in the isochrons of the Mordor Complex
All three geochronological systems applied to the Mordor Complex display evidence of scatter in 
excess of that which is attributable to experimental error. This "geological error" probably reflects either 
variation in the initial isotopic characteristics of the complex or is due to the partial resetting of the 
isotope systems following its emplacement. If not interpreted correctly, this geological error can cause 
substantial shifts in the slopes of isochrons and consequently, incorrect ages. The following discussion 
presents the results of a mathematical analysis of the geological error in the isochrons of the Mordor 
Complex.
If the geological error is due to variation in the initial ratio of the complex, it might be anticipated 
that variation in the initial 87Sr/86Sr is somehow correlated with variation in the initial 143Nd/144Nd. 
This possibility has been examined as a function of age using two independent parameters. The MSWD 
(mean square of weighted deviates) is commonly used as a measure of the scatter of points about a line. 
Normally, points are weighted inversely as the square of their analytical error. However, because the 
internal (or within-run) analytical error of all isotopic analyses examined here is similar to or less than the 
external error (based on the analytical reproducibility of the analyses), all points have been weighted 
equally in the calculation of an analogous parameter, the "mean square of unweighted deviates" (or 
MSUD). As with the MSWD, this parameter cannot distinguish between scatter about a line and scatter 
around a point. Consequently, a second parameter, the correlation co-efficient (or r), has also been used as
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Fig. 4.3 207Pb/204Pb- 2,^P b /2 ,llPb isotope diagram for the Mordor Complex. The single-stage
growth curve with |± = 8 (which approximates the Pb isotopic evolution of the mantle) is shown for 
comparison.
Mordor Complex
17.6-
17.4-
17.2-
Model 3
Age = 1000 ±240 Ma
Initial = 16.52 ±0.19
(excluding 3441)
Fig. 4.4 TJ/ZU4Pb- U0Pb/ZU4Pb isochron diagram for the Mordor Complex.
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a measure of the degree of linearity of the age-corrected data array. Because different geological processes 
may be responsible for causing scatter in whole-rock and mineral data (for example, crustal assimilation 
by a magma operates on a whole-rock scale, whereas scatter on a mineral scale is generally due to 
post-emplacement processes), only whole-rock analyses have been used in the following analysis. Error 
in 87Rb/86Sr and 147Sm/144Nd have not been taken into account in the calculations. Although the 
uncertainty in the initial 87Sr/86Sr and 143Nd/144Nd due to error in these ratios will increase with 
emplacement age, this is not likely to significantly affect the results of the analysis over the narrow age 
range examined.
The results of the analysis of co-variation between initial 87Sr/86Sr (data taken from Langworthy 
and Black 1978) and initial 143Nd/144Nd with age are presented in Figs. 4.5 and 4.6. The computer 
program used for this analysis is listed in Apendix A2.2. It is apparent from these two figures that the 
age-corrected 87Sr/86Sr and 143Nd/144Nd are most strongly correlated at -1200 Ma. This age is within 
error of the Rb-Sr and Sm-Nd isochron ages. These results imply that the Mordor Complex possessed a 
range of initial 87Sr/86Sr and initial 143Nd/144Nd compositions which were negatively correlated. The 
age-corrected 87Sr/86Sr and 143Nd/144Nd array at 1180 Ma is plotted in Fig. 4.7. Although in general, 
mixing processes will generate curved rather than linear arrays on an 87Sr/86Sr-143Nd/144Nd diagram, it 
is evident from Fig. 4.7 that, because of the limited range in initial 87Sr/86Sr and initial 143Nd/144Nd 
values compared to the analytical error, the age-corrected array can be regarded as linear.
A similar analysis can be performed on the U-Pb data (see Appendix A2.3 for computer program 
listing). If the scatter in the 207Pb/204Pb- 206Pb/204Pb array (Fig. 4.3) is due to re-distribution of U 
and Pb during an event occurring after emplacement of the complex, this excess scatter in the age-corrected 
array should dissappear at the time of this re-distribution event. However, throughout the age range 1550 
Ma to 0 Ma examined, both the MSUD and the correlation co-efficient r remain virtually constant. The 
total variation in r is from 0.865 at 1500 Ma to a minimum of 0.829 at 1200 Ma, with the present-day 
(i.e. 0 Ma) value being 0.846. The scatter is therefore virtually independent of the present-day U/Pb ratio 
of the rocks, suggesting that it is due to variation in their initial Pb isotopic compositions or that a 
re-distribution event disturbed the U-Pb systematics of the complex very recently.
The slope on the 207Pb/204Pb- 206Pb/204Pb array at the emplacement age of -1180 Ma is 0.1565, 
which corresponds to a Pb-Pb age of -2420 Ma. The slope of the array is, however, relatively sensitive 
to the assumed emplacement age. For example, an error of ±100 Ma in the emplacement age translates to 
an error of ±0.0147 in the slope of the array or ±160 Ma in the corresponding Pb-Pb age. Uncertainty in 
the slope of the age-corrected array due to propagation of analytical error is also likely to be substantial. 
As the correlation in the age-corrected 87Sr/86Sr-143Nd/144Nd array is probably due to mixing, it is 
likely that the 207Pb/204Pb-206Pb/204Pb array is also the result of mixing and has no age significance.
4.4.2 Initial isotopic characteristics o f the Mordor Complex
The isotopic data indicate that the parent magmas of the Mordor Complex had the following isotopic 
characteristics during its emplacement -1.18 Ga ago; initial 87Sr/86Sr « 0.710 to 0.711, eNd « -10.3 
±3.1, initial 206Pb/204Pb «16.52 and initial 207Pb/ 204Pb « 15.50. There is also evidence from all of 
these isotope systems that the complex possessed some variability in its initial isotopic compositions.
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Mordor Sr-Nd correlation
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Fig. 4.5 Correlation between age-corrected values of 87Sr/86Sr versus 143Nd/144Nd plotted against age.
The mean square of unweighted deviates (MSUD) is used here as a measure of the deviation of the 
age-corrected values from a single line or point (note log scale). The diagram demonstrates that the 
age-corrected array clusters or is most linear at -1200 Ma.
Mordor Sr-Nd correlation
£  -0.3 -
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Fig. 4.6 Correlation between age-corrected values of 87Sr/86Sr versus 143Nd/144Nd plotted against age.
The correlation co-efficient (r) is used here as a measure of the linearity of the age-corrected values. The 
age-corrected array is most linear at -1180 Ma.
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Fig. 4.7 Age-corrected (1180 Ma) array of 87Sr/86Sr versus 143Nd/144Nd for the Mordor Complex.
Error-bars are 2d analytical uncertainty limits- no account has been made of error introduced by the age 
correction.
The Mordor Complex lies within the enriched quadrant on an initial Sr-Nd isotope diagram and within the 
array defined by most other (Phanerozoic) examples of potassic magmatism. The initial Sr and Nd 
isotopic compositions are similar to those of potassic lavas from Sabinyo (Vollmer and Norry 1983a) and 
the Roman province (Hawkesworth and Vollmer 1979; see Fig. 2.4 and Fig. 3.3). The evolved Sr and Nd 
initial isotopic compositions indicate that the Mordor magma sources have been enriched in both Rb/Sr 
and the light rare-earth elements for at least -600 Ma prior to emplacement of the complex.
4.4.3 The tectonic setting and origin of the Mordor Complex
The Mordor Complex is situated within the Arunta Inlier, an early Proterozoic ensialic mobile belt 
composed principally of medium- to high-grade metamorphic sediments, mafic rocks and granites. The 
tectonic evolution of the Arunta Inlier has been summarised by Black et al. (1983), Stewart et al. (1984), 
Shaw et al. (1984) and Windrim and McCulloch (1987). According to Shaw et al. (1984), it commenced 
with mafic and felsic magmatism and deposition of shale and limestone within an east-west-trending rift 
basin, followed by rapid deformation and regional metamorphism during the Strangways Event, 
aproximately 1800 to 1750 Ma ago. Windrim and McCulloch (1987) obtained a regional Sm-Nd isochron 
of 2070 ±125 Ma for both felsic and mafic granulites and interpreted this as the formation age (i.e. the 
mantle extraction age) of Arunta Block crust. The initial eNd of -  +1.5, also obtained for both felsic and 
mafic rock populations regressed separately, was interpreted as indicating little crustal prehistory for the 
felsic rocks and led Windrim and McCulloch (1987) to speculate that the protoliths of the felsic rocks 
were melts of a young mafic protocrust generated during a rifting and attenuation event. Shaw et al. 
(1984) proposed that limited subduction and crustal overthrusting during the Strangways Event caused
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crustal thickening and the insertion of an elongate subcrustal wedge of asthenosphere within the thickened 
subcontinental lithosphere. A similar scenario involving continental collision and underthrusting of the 
Arunta block was favoured by Windrim and McCulloch (1987). An ensialic setting for the underthrusting 
event was inferred from the absence of ophiolite complexes and andesitic rocks from the central Australian 
mobile belts, noted by Shaw et al. (1979). A further 4 stages of deformation, metamorphism and granitic 
intrusion have also been recognised. The Inlier is cut by several major north-west-trending gravity 
lineaments which are believed to represent deep crustal fractures. The Mordor Complex and the Mudtank 
carbonatite lie near the Woolanga Gravity Lineament, a major structural gravity and magnetic lineament 
which can been traced for several hundred kilometres and which marks the eastern margin of the occurrence 
of older (Division 1) mafic granulite.
The initial eNd of -10 for the complex requires at least -600 Ma of prehistory for the sources of the 
complex prior to its emplacement at -1200 Ma. As the formation age of the Arunta Inlier determined by 
Windrim and McCulloch (1987) is -2070 Ma, this suggests that the heterogeneity producing the 
LREE-enrichment within the sources of the Mordor Complex originated shortly after (i.e. within -400 
Ma of) the initial formation of Arunta Inlier crust. If the Sm/Nd ratios of the Mordor magmas were not 
substantially modified by crystal fractionation, a better estimate of the minimum period of prehistory can 
be obtained by assuming a Mordor source Sm/Nd ratio equivalent to that of the highest Sm/Nd ratio 
displayed by the Mordor magmas, as magma extraction is likely to result in a decrease in the Sm/Nd ratio 
and the highest Sm/Nd ratio of the magmas therefore provides a minimum estimate of the source Sm/Nd. 
Assuming that the Mordor source had a minimum 147Sm/144Nd ratio of 0.126 (as indicated by sample 
#3452; the higher ratio of #3435 is not used as this sample does not lie on the Sm-Nd isochron and may 
have had a substantially different initial ratio compared to the rest of the suite), an eNd of -10 would 
require a time period of at least -1100 Ma to evolve from an initially chrondritic source. If the Mordor 
Complex magma sources were derived from Arunta block crust with eNd of +1.5 at 2070 Ma, a minimum 
147Sm/144Nd ratio of 0.0928 is required to evolve an eNd of -10.3 at 1200 Ma. This 147Sm/144Nd 
ratio is lower than the values typical of upper crustal rocks (which commonly possess 147Sm/144Nd 
ratios between 0.10 and 0.13) and is substantially lower than the values found in the Mordor magmas. 
The Mordor Sm-Nd isotopic systematics therefore suggest that crust older than that recognised by 
Windrim and McCulloch (1987) exists within the Arunta Block.
The Mordor Complex therefore represents a further example of potassic magmatism from an 
intra-cratonic setting which has been derived from an enriched mantle source, and provides convincing 
evidence that the processes generating enriched mantle sources such as those from which many 
Phanerozoic examples of alkaline magmatism are derived have operated at least since the mid-Proterozoic.
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5. Potassic mafic dykes from Antarctica 
5.1 Introduction
Throughout the early to middle Proterozoic, the eastern part of the Antarctic continent was 
extensively intruded by continental tholeiitic and high-Mg mafic dykes, whereas during the late 
Proterozoic (< ~1 Ga ago), magmatism with alkaline affinities, ranging from alkali olivine basalt to 
alkali melasyenite and alnölite, predominates (Sheraton 1983). Two episodes of dyke emplacement during 
the early Proterozoic in the Enderby Land region have been recognised (Sheraton and Black 1981); an 
earlier predominantly tholeiitic and high-Mg intrusion event at 2350 ±48 Ma, shortly after the last major 
metamorphism-deformation event (dated from the Napier Complex by U/Pb zircon by Black and James 
1979, at -2480 Ma), followed by intrusion of the Amundsen continental tholeiitic dykes at 1190 ±200 
Ma. Based on trace-element and Sr isotopic evidence, Sheraton and Black (1981) argued that the early 
Proterozoic dykes were generated from depleted (87Sr/86Sr = 0.7020 ±0.0008, low Ti02, P20 5 and Y) 
source regions which were enriched in highly incompatible elements (particularly K, Rb, Th, U, Pb and 
As) shortly before the emplacement event. The low initial 87Sr/86Sr and consistency of trace-element 
abundance patterns was regarded as evidence that crustal contamination processes were not responsible for 
the incompatible-element enrichment of the high-Mg suite but that these features were inherited from the 
magma source region. The late Proterozoic Amundsen dykes were divided into two groups, one of which 
(Group 1) was considered to be derived from a chemically homogeneous mantle source with high 
87Sr/86Sr of 0.7041 ±0.0005. Group 2 Amundsen dykes were believed to be derived from chemically and 
isotopically heterogeneous mantle sources which Sheraton and Black (op. cit.) suggested may have been 
metasomatised contemporaneously with the sources of the Early Proterozoic high-Mg suite. Evidence for 
the operation of metasomatic enrichment processes of the subcontinental lithosphere beneath east 
Antarctica therefore extends to the beginning of the Proterozoic, whereas the low initial 87Sr/86Sr ratio of 
early Proterozoic dykes suggests that prior to this time the subcontinental mantle was not particularly 
anomalous.
Fractionated, highly alkaline dykes of probable Cambrian to Eocene age have been described from the 
high-grade gneiss terrains of the Prince Charles Mountains, Mac Robertson Land, and from Priestley Peak 
in Enderby Land, east Antarctica (Sheraton and England 1980, Sheraton 1983; see Fig. 5.1). These 
melasyenite dykes are characterised by high Ti02, K20 , P20 5, Rb, Sr, Zr, Nb, Ba, La, Ce, Pb, Th, U 
but relatively low A120 3, CaO and Na20  and are therefore chemically similar to lamproites from the 
West Kimberley region (Jaques et al. 1984a) and to leucitites from Gaussberg (Sheraton and Cundari 
1980). As there are several other lines of evidence which suggest that the mantle beneath the east 
Antarctic region has experienced at least one enrichment episode since the early Proterozoic, a 
reconnaissance isotopic study of a few well-preserved alkaline dykes was undertaken. The findings of this 
study have implications for interpretation of the isotopic characteristics of the major Gondwanaland 
continental tholeiite provinces of Tasmania, South Africa and Antarctica. In addition, a relatively 
continuous record of mantle-derived magmatism since the beginning of the Proterozoic is represented on 
the Antarctic continent and may allow investigation of the isotopic evolution of the Antarctic 
subcontinental lithosphere over this time.
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5.2 Samples and Analytical Procedure
Two samples from the northern Prince Charles Mountains region (see Fig. 5.1), an alkali olivine 
basalt from Fox Ridge (#6928-0225) and a leucite tristanite from Manning Massif (#7328-1594), and one 
sample from Mt Bayliss (#7328-1545) in the southern Prince Charles Mountains, have been included in 
this study. The northern Prince Charles mountains region consists mostly of Late Proterozoic (-1000 
Ma) gneiss, whereas the Mt Bayliss dyke intrudes Archaean (~2.8 Ga) basement gneiss. Details of the 
ages, geochemistry and petrography of these samples can be found in Sheraton and England (1980) and 
Sheraton (1983). The low Mg-numbers and Ni and Cr contents of the Fox Ridge, Manning Massif and 
Mt Bayliss samples (atomic Mg/[Mg+total Fe] of 0.50, 0.58 and 0.58 respectively) suggests that they 
have undergone considerable crystal fractionation. These samples are highly enriched in incompatible 
elements and lack significant Nb anomalies. The Priestley Peak alkali melasyenite dyke (#7728-3439D) 
is the youngest intrusion recognised from the Archaean Napier Complex, Enderby Land. Its geochemistry 
and petrography was described by Sheraton and England (1980). The high Mg-number of 0.71 and high 
Ni (298 ppm) and Cr (348 ppm) contents suggest that the Priestley Peak dyke may represent a 
near-primary magma. A Rb-Sr combined mineral and whole-rock isochron obtained by Black and James 
(1983) indicated a Silurian age of 482 ±3 Ma with high initial 87Sr/86Sr ratio of 0.70852 ±0.00007. 
The trachybasalt dyke from Bunger Hills (#7728-4730), Queen Mary Land, has an Mg-number of 0.50 and 
is geochemically similar to the Prince Charles Mountains and Priestley Peak samples in having high 
K20  contents and K20/N a20  ratios. Both the Priestley Peak and Bunger Hills samples have highly 
incompatible-element-enriched trace-element patterns with positive Ba and negative Nb anomalies, 
although in the case of the Bunger Hills sample, these anomalies may be the result of late stage crystal 
fractionation.
Approximately 500 mg of sample powder was dissolved in teflon pressure capsules in concentrated 
HF-HC104 at 200 °C for at least 48 hours, the resulting solution evaporated and the sample re-dissolved 
in 6 N HC1 in teflon pressure capsules at 200 °C for a further 24 hours. The solution was then 
re-dissolved in 1 N HC1 and split into 3 aliquots, two of which were spiked with mixed 147Sm-150Nd 
(for Sm-Nd concentration and Nd isotopic analysis) and 235U-208Pb (for U-Pb concentration analysis) 
spikes and the third used for Pb isotopic analysis. Further details of the analytical techniques can be found 
in Appendix 1.
5.3 Results
5.3.1 Prince Charles Mountains region
The results of Nd isotopic analysis and the calculated initial Nd isotopic compositions using 
determined ages are given in Table 5.1. All samples have high Nd/Sm ratios indicating strong light 
rare-earth-element enrichment. The age correction to the Nd isotopic composition of the leucitite 
tristanite lava from Manning Massif (7328-1594) is less than 1 e-unit, giving an initial eNd of -9.3. The 
negative initial eNd indicates derivation of the leucite tristanite from a source region having 
time-integrated light rare-earth-element enrichment. As the measured Sm/Nd ratio of the tristanite lava is
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Fig. 5.1 Locality map of Antarctic samples analysed and other localities referred to in this study.
likely to represent a lower limit of the source Sm/Nd ratio (because Nd is generally more incompatible 
than Sm in the magma source and the Sm/Nd ratio in the melt is therefore likely to be less than that of 
the source following partial melting), the source of the tristanite must have been LREE-enriched for a 
minimum period of -700 Ma in order to evolve an initial eNd of -9.3 from an initially LREE-depleted or 
chondritic mantle source. However, the Fox Ridge alkali olivine basalt (6928-0225), emplaced within 
-20 km of and -450 Ma before the Manning Massif leucite tristanite, has a positive initial eNd of +1.2, 
indicating derivation from a time-integrated LREE-depleted source. The Mt Bayliss alkali melasyenite 
(#7328-1545), situated -400 km south of the Manning Massif and Fox Ridge sample localities and 
emplaced -20 Ma after the Fox Ridge alkali basalt, has a negative initial eNd of -12. The initial 
143Nd/144Nd ratios therefore indicate that although the source LREE-enrichment and generation events of 
the Fox Ridge alkali basalt may have been nearly synchronous, this is clearly not the case for the 
Manning Massif and Mt Bayliss lavas.
Table 5.1 Age and samarium-neodymium isotopic data for east Antarctic alkaline dykes.
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Sample Age (Ma) Sm Nd
- —ppm—-
l47Sm/144Nda 143Nd/144Ndb p  (0)eNd eNd
Northern Prince Charles Mountains, MacRobertson Land
7328-1594 50 ±2
Manning Massif (K-Ar) 9.347 64.28 0.0879 0.51132 ±1 -10.0 -9.3
6928-0225 504 ±20
Fox Ridge (K-Ar) 8.082 46.01 0.1062 0.51159 ±2 -4.7 +1.2
Southern Prince Charles Mountains, MacRobertson Land
7328-1545 414±10
Mt Bayliss (K-Ar) 2.932 20.94 0.0847 0.51092 ±2 -18.0 -12.1
EnderbyLand
7728-3439D 482 ±3
Priestley Peak (Rb-Sr) 32.45 189.4 0.1036 0.51081 ±3 -20.0 -14.3
87Sr/86Sr(I) = 0.70852 ±7C
Queen Mary Land
7728-4730 probably Cambrian or younger
Bunger Hills 20.03 131.5 0.0921 0.51062 ±2 -23.7 < -16.3
a Uncertainty in 147Sm/144Nd is 0.1% (2ct).
b Nd isotopic ratios normalised to 146Nd/142Nd = 0.636151. All errors quoted refer to within-run 
precision at the 2ct oorl level. BCR-1 standard gives 0.511833 ±20. £xjj calculated using 
U3Nd/144NdCHUR = 0.511836 and 147Sm/144NdCHUR = 0.1967.
c from Black and James (1983).
The Pb isotopic data are given in Table 5.2 and presented graphically on a Pb-Pb isotope diagram in 
Fig. 5.2. There is generally excellent agreement between the X-ray fluorescence U and Pb concentration 
determinations of Sheraton and England (1980) and Sheraton (1983) and the isotope-dilution 
determinations of this study. All samples have high concentrations of both U and Pb and, with the 
exception of the Fox Ridge alkali basalt and Mt Bayliss dyke, have U/Pb ratios close to those estimated 
for the depleted mantle from Pb isotopic studies of MORB. Corrections to 206Pb/204Pb for decay since 
emplacement are small for the 50 Ma old Manning Massif tristanite and, because of the lower U/Pb, to 
the Mt Bayliss dyke, but are considerably larger for the Fox Ridge alkali basalt. The age correction to the 
measured 207Pb/204Pb ratios are within analytical error for the Manning Massif and Mt Bayliss lavas. 
Both the Manning Massif and Mt Bayliss samples have unusually high initial 207Pb/204Pb ratios 
combined with relatively low initial 206Pb/204Pb (see Fig. 5.2). These unusual Pb isotopic 
characteristics, the general features of which are independent of any uncertainty introduced by the age 
corrections, and the unradiogenic Nd isotopic compositions of the Manning Massif and Mt Bayliss high-K 
magmas are similar to those of lamproites from Western Australia and leucites from Gaussberg (see 
Chapter 3).
Table 5.2 Uranium and lead concentration and lead isotopic data for east Antarctic alkaline dykes.
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Sample Ua Pb 238U/204Pb 206pb/204pbb 207pb/204pb 208pb/204pb
-—ppm-— meas initial meas initial meas initial
Northern Prince Charles Mountains, MacRobertson Land
Manning Massif 
7328-1594
4.14
[4.0]
36.4
[36]
8.20 17.749 (17.68)c 15.729 (15.72) 38.296 (38.21)c
Fox Ridge 
6928-0225
1.57
[1.5] [4] 28.8
18.440 (16.10) 15.581 (15.45) 39.034 (36.10)
Southern Prince Charles Mountains, MacRobertson Land 
Mt Bayliss 1.89 28.4 4.88 17.904 (17.58)
7328-1545 [2.0] [28]
15.799 (15.78) 39.016 (38.61)
Enderby Land 
Priestley Peak 
7728-3439D
7.90
[6]
61.6
[58]
9.32 17.646 (16.92) 15.742 (15.70) 38.909 (38.00)
Queen Mary Land 
Bunger Hills 11.3 101.2 8.22 17.904 15.689 39.276
7728-4730 [11] [104]
a U and Pb concentrations determined by isotope dilution mass spectrometry; values in brackets 
determined by XRF (from Sheraton and England 1980 and Sheraton 1983).
b All Pb isotopic analyses obtained in duplicate. Errors (based on two way analysis of variance of 
duplicate analyses) at the l a  level; 2b6Pb/204Pb ±0.011, 207Pb/204Pb ±0.014, 208Pb/204Pb 
±0.033. The values obtained for NBS-981 during this study are; 206Pb/204Pb = 16.927 ±0.009, 
207Pb/204Pb = 15.486 ±0.013, 208Pb/204Pb = 36.668 ±0.044.
Corrected for U and Th decay since emplacement, using ages cited in Table 5.1. Corrections to 
208Pb/204Pb made assuming Th/U = 4.
Because of the age and high U/Pb ratio of the Fox Ridge alkali basalt, a large age correction to the 
206Pb/204Pb is necessary and the uncertainty in the initial 206Pb/204Pb is consequently greater. 
However, the Fox Ridge sample has substantially lower measured 207Pb/204Pb than the Mt Bayliss and 
Manning Massif samples. The calculated initial 206Pb/204Pb and 207Pb/204Pb ratios are similar to 
those estimated for the MORB source region at -500 Ma ago, although the initial Nd isotopic 
composition of the Fox Ridge alkali basalt is too low (eNd = +1.2) to be consistent with derivation from 
a MORB source.
5.3.2 Priestley Peak, Enderby Land
The measured £ ^ (0 )  of -20.0 of the Priestley Peak alkali melasyenite corrects to an initial eNd of 
-14.3 at the emplacement age of 482 Ma. An initial 87Sr/86Sr of 0.70852 ±7 was obtained from a 
mineral Rb-Sr isochron by Black and James (1983). These initial Sr and Nd isotopic characteristics are 
similar to those of leucitites from Gaussberg (Collerson and McCulloch 1983; see Fig. 5.3), situated 
-1500 km southeast of Priestley Peak and believed to be of late Pleistocene age. Age corrections to the
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Fig. 5.2 Histogram of Nd isotopic compositions of Antarctic alkaline dykes compared to potassic 
magmas from other localities (from Collerson and McCulloch 1983, McCulloch et al. 1983, Vollmer et 
al. 1984 and Fraser et al. 1985).
Pb isotopic compositions are relatively large but, as with the Manning Massif and Mt Bayliss samples 
and lamproites from the West Kimberley, the Priestley Peak melasyenite also has unusually high 
207Pb/204Pb and low 2(36Pb/2(W Pb, irrespective of possible errors introduced by the age correction. 
This unusual Pb isotopic composition indicates derivation from an ancient source having high U/Pb early 
in its history, followed by a period of low U/Pb. The multi-stage history of U/Pb variation indicated by 
the Priestley Peak Pb isotopic composition cannot be related to fractionation of the U/Pb ratio during the 
emplacement event or during post-emplacement alteration. For example, assuming the most extreme 
case, where 235U/204Pb = 0 for the 482 Ma following emplacement, the Pb isotopic composition of the 
Priestley Peak melasyenite still lies considerably above the mantle Pb growth curve and still requires a 
similar multistage history of U/Pb variation. As with the initial Sr and Nd isotopic compositions, the 
calculated initial Pb isotopic composition of the Priestley Peak melasyenite is also similar to that of 
Gaussberg leucitites (see Fig. 5.3).
5.3.3 Bunger Hills, Queen Mary Land
The exact age of emplacement of the Bunger Hills trachybasalt is presently unknown, but is believed 
to be younger than Cambrian. Assuming an emplacement age less than 600 Ma, the measured £^<1^ 
the trachybasalt of -23.7 (Table 5.1) corrects to an initial eNd of less than -16.3 (i.e. the initial eNd lies 
between -23.7 and -16.7), similar to that of Gaussberg and Priestley Peak. The trace-element 
characteristics of the Bunger Hills trachybasalt are also remarkably similar to those of the Priestley Peak
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Fig. 5.3 Initial Sr-Nd isotope diagram showing the Priestley Peak melasyenite at its emplacement age of 
482 Ma, compared to the fields of mid-ocean ridge basalts and other potassic suites (see caption to Fig. 
3.3 for additional data sources).
melasyenite (see Fig. 4 of Sheraton 1980) and Gaussberg leucitites (Sheraton and Cundari 1980). The 
Bunger Hills trachybasalt has a high Pb content and, as with the Gaussberg and Priestley Peak samples, 
has high measured 207Pb/204Pb and low 206Pb/204Pb (Table 5.2). Because the measured (post­
emplacement) 238U/204Pb of 8.22 is too high to cause the low measured 206Pb/204Pb, and as the high 
207Pb/204Pb requires a long history (>1 Ga) of high U/Pb, the high 207Pb/204Pb and low 
206Pb/204Pb of the Bunger Hills dyke is a feature that probably existed prior to its emplacement and may 
therefore have been inherited from its source.
5.4 Discussion
The long history of emplacement of isotopically-evolved and chemically-similar magmatism in the 
Prince Charles Mountains region (as exemplified by the Silurian Mt Bayliss dyke and Tertiary Manning 
Massif lavas) may be interpreted as circumstantial evidence that the isotopically-evolved mantle sources 
from which these magmas were derived are located within the subcontinental lithosphere. If this is the 
case, the contrasting geochemical and isotopic characteristics of the Fox Ridge alkali basalt and Manning 
Massif leucite tristanite suggest that the subcontinental lithosphere beneath the Prince Charles Mountains 
region is isotopically heterogeneous (either laterally or vertically) on a scale of ~10 kms.
In addition to this small scale heterogeneity, the general similarity of unusual chemical and Nd and 
Pb isotopic compositions of magmas from Priestley Peak, Enderby Land, Mt Bayliss and Manning 
Massif in Mac Robertson Land, Bunger Hills, Queen Mary Land, and Gaussberg in Wilhelm II Land 
(Sheraton and Cundari 1980, Collerson and McCulloch 1984, Nelson et al. 1986a and Chapter 3 of this 
thesis), extending almost 2000 km across the eastern margin of the east Antarctic shield, suggests the
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Fig. 5.4 Pb-Pb isotope compositions of Antarctic dykes (A = measured, A = age-corrected compositions). 
Also shown for comparison are the fields for Western Australian lamproites, Leucite Hills high-K lavas, 
Gaussberg leucitites (data from Chapter 3 of this thesis) and mid-ocean ridge basalts (from Dupr6 and 
Allegre 1980, Cohen and CNions 1982a).
operation of large-scale mantle enrichment processes. Lamprophyre dykes in the central Transantarctic 
Mountains of similar age to those of the Fox Ridge and Priestley Peak intrusions have also been reported 
(James and Tingey 1983) but as yet little is known of their geochemistry. Furthermore, the similarity of 
isotopic characteristics of the Antarctic potassic mafic magmas with potassic mafic intrusions from 
Leucite Hills, Wyoming and of lamproites from Western Australia implies that the sources of these 
chemically-related and globally-distributed magmas have had similar long-term (i.e. >2 Ga) histories. In 
particular, the distinctive Pb isotopic compositions of all of these magmas indicate a similar history of 
U/Pb variation involving an earlier high U/Pb stage followed by a more recent low U/Pb stage. These 
chemical and isotopic similarities provide strong evidence that a common mechanism, operating over a 
timescale of ~1 Ga, is responsible for the generation of all of these examples of potassic magmatism.
The widespread Jurassic continental tholeiites of the Ferrar Supergroup, extending along the 
Transantarctic Mountains for 3000 km across the Antarctic continent, also have anomalously high initial 
87Sr/86Sr (Kyle et al. 1983 and references therein). Although this has been attributed to crustal
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contamination, Hoefs et al. (1980) demonstrated that a correlation exists between initial 87Sr/86Sr and 
5 180  in the Kirkpatrick Dolerite and suggested that the high initial 87Sr/86Sr may not be entirely due to 
crustal contamination but may have been inherited from the source region. In addition, reconstructions of 
Gondwanaland prior to its break-up during the Triassic (e.g. Craddock 1975) place the eastern part of the 
Antarctic continent adjacent to the Jurassic-early Cretaceous Karoo tholeiitic and Cretaceous kimberlite 
provinces of South Africa. Geochemical and isotopic studies of South African micaceous kimberlites 
(e.g. Smith 1983, Fraser et al. 1985) and Karoo continental tholeiites (e.g. Hawkesworth et al. 1983) 
have argued that enriched mantle exists within the subcontinental lithosphere beneath the region. If garnet 
inclusions in South African diamonds are samples of the subcontinental lithosphere, the Sr and Nd 
isotopic results of Richardson et al. (1984) indicate that parts of the South African subcontinental 
lithosphere may have been enriched in the light rare-earth elements and Rb/Sr for at least ~3 Ga.
The relationship between the causes of enrichment within the subcontinental lithosphere of the 
Gondwanaland continents and their tectonic evolutionary history is difficult to assess. As the Pacific 
margin of Gondwanaland, including the western margin of the South American continent, the west 
Antarctic margin and the eastern margin of the Australian continent, was an active continental margin 
during the late Precambrian to middle Palaeozoic, it is possible that subduction processes were at least 
partly responsible for these enrichments. The increase in alkaline magmatism in east Antarctica from the 
late Proterozoic onward, for example, may relate to the commencement and operation of subduction. 
However, as outlined above, mafic magmatism displaying evidence of source enrichments are known from 
the early Proterozoic of Antarctica. The timing of Ferrar, Karoo and Tasmanian Dolerite magmatism 
coincides with the initial stages of rifting and the break-up of Gondwanaland.
Further discussion of the implications of the isotopic results obtained on Antarctic alkaline dykes can 
be found in Chapter 7 of this thesis.
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6. Lamproites and kimberlites from central west Greenland.
6.1 Introduction
The Precambrian basement rocks of the Holsteinsborg region of west Greenland are intruded by 
numerous small dykes of kimberlitic, carbonatitic and lamproitic affinities. The kimberlites have been 
petrographically and geochemically compared to the micaceous kimberlite varieties of South Africa 
(Andrews and Emeleus 1976) and contain abundant xenoliths of olivine-rich peridotite and less commonly, 
garnet xenocrysts. Microdiamonds have also been recovered from four kimberlite samples (Prast 1973). 
In recent petrological and geochemical studies of the lamproitic intrusions, Scott (1979, 1981) 
demonstrated that they are highly potassic, containing up to 10 wt% K20 , and geochemically resemble 
lamproites from the Kimberley region of Western Australia (Jaques et al. 1984a) and from Leucite Hills, 
Wyoming (Carmichael 1967, Kuehner et al. 1981). As with the continental provinces of South Africa 
and the West Kimberley in Western Australia, this region of west Greenland therefore provides a further 
example of the close spatial (if not temporal) association of kimberlitic, carbonatitic and potassic 
magmatism. In her earlier study, Scott (1979) suggested that the kimberlites and lamproites were 
genetically related, with the lamproites derived from an originally kimberlitic parent magma following 
extensive fractionation. However, mica Rb-Sr age-dating of some of the intrusions (Smith 1979, Scott 
1981) suggested that the lamproites were emplaced about 600 Ma earlier than the kimberlites, indicating 
that derivation of the lamproites from a magma parental to the kimberlites is highly unlikely.
The following study was undertaken in order to isotopically characterise the kimberlites and 
lamproites of the region, to investigate the nature of their magma sources and to investigate possible 
reasons for the association of kimberlitic and potassic magmatism.
6.2 Geological Setting
The geology of the region in which the kimberlite and lamproite dykes occur has been described in 
earlier studies by Watterson (1974), Bak et al. (1975), Andrews and Emeleus (1976) and Scott (1981). 
The dykes are confined to the early Proterozoic Nagssugtoqidian mobile zone, which forms the northern 
margin of a pre-Nagssugtoqidian (Archaean) crustal block. They occur as thin sheets a few centimeters to 
several meters thick, often extending laterally for several kilometers, and bounded by sharp contacts. 
There is little evidence of post-emplacement deformation.
At least five separate episodes of alkaline dyke emplacement have been recognised in central west and 
southwest Greenland (Larsen et al. 1983). The earliest episode is represented by the Tupertalik 
carbonatite, which intruded the Archaean crustal block south of the Nagssugtoqidian mobile zone at -2650 
Ma. Lamprophyric dykes were emplaced during two separate episodes at -1800 Ma and -1200 Ma. 
Kimberlitic and carbonatitic dykes (including the Sarfartoq carbonatite) were intruded at -600 Ma in the 
Holsteinsborg region. During the latest episode at 225 - 115 Ma, numerous kimberlite, carbonatite and 
lamprophyre dykes were emplaced, mostly in southwestern Greenland.
This study focusses on lamproites emplaced during the -1200 Ma event and kimberlites dating from 
the -600 Ma emplacement event.
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63 Samples and Analytical Procedure
For this investigation, petrographically fresh hand-specimens of 5 kimberlite, 4 lamproite and one 
anomolous lamprophyre were analysed. These samples were selected from those examined by Scott 
(1979) to include both representative and geochemically anomalous compositions. Major- and 
trace-element analyses of these samples (from Scott 1979) are given in Table 6.1. Further details of their 
petrography and chemistry can be found in Scott (1979,1981).
Sawn rock-slabs were scrubbed thoroughly with a clean plastic brush in demineralised water and 
repeatedly ultrasonically cleaned in a water bath to remove loose material. The cleaned rock-slabs were 
then coarsely crushed in a stainless steel mortar and small (~15 mg) rock chips with fresh fracture surfaces 
were hand-selected for isotopic analysis. For Rb-Sr and Sm-Nd analysis, about 70 to 90 mg of rock chips 
were totally spiked with 85Rb-84Sr and 147Sm-150Nd spikes and decomposed in teflon pressure vessels 
in HF-HC104 at 200 °C for at least 48 hours, the resulting solution evaporated and re-dissolved in 6 N 
HC1 in the teflon pressure vessel at 200 °C for a further 24 hours. For U-Pb isotopic analysis, about 700 
mg to 1 g of rock chips were decomposed in teflon pressure vessels as outlined above. The solution was 
then evaporated, re-dissolved in 1 N HC1 and split into 2 unequal aliquots, the smallest of which (—1/3 of 
total volume) was spiked with 253U-208Pb spike and the largest aliquot used for Pb isotopic 
composition. Further details of the analytical procedure can be found in Appendix 1.
6.4 Results
6.4.1 Rb-Sr and Sm-Nd isotopic analysis
The results of Rb-Sr, Sm-Nd and U-Pb concentration analysis are tabulated in Tables 6.2 and 6.3 
and presented diagrammatically in Figs. 6.1 and 6.2. The measured isotopic compositions have been 
age-corrected to the time of emplacement using the ages determined by Smith (1979) and Scott (1981). 
These kimberlite and lamproite ages were obtained by combining Rb-Sr mineral data from several separate 
intrusions to define the isochrons. The ages are consistent with other age determinations for kimberlites 
and lamproites from the region (see compilation by Larsen et al. 1983) although considerably younger 
(176 Ma) and older (1780 to 1970 Ma) emplacement ages were found for "lamprophyre" dykes from the 
Qaqarssuk and Sarfartoq regions (see Larsen et al. 1983). Because of their relatively young emplacement 
age and generally low Rb/Sr ratios (with the exception of sample #5508), the age-corrected 0 Sr/ Sr 
ratios of the kimberlites are insensitive to possible error in the emplacement ages. For example, an error 
of ±100 Ma in the emplacement age of kimberlite sample #5508, which has the highest Rb/ Sr 
(0.449), corresponds to an error in the age-corrected 87Sr/86Sr of ±0.00064. For the lamproite having the 
highest Rb/ Sr (sample #5611), an error of ±100 Ma in the emplacement age results in a 
corresponding uncertainty in the initial 87Sr/86Sr of ±0.00045. In the case of the Sm-Nd data, an error of 
±100 Ma in the emplacement age results in a maximum error in the age-corrected eNd of ±1.6 e-units for 
lamproite sample #5622, which has the lowest 147Sm/144Nd.
There is generally good agreement between the XRF-determined Rb and Sr concentrations of Scott 
(1979; see Table 6.1) and those determined during this study by isotope dilution (Table 6.2), even though 
the isotopic results were obtained on coarse rock-chips which may not necessarily be representative of the
Table 6.1 Major- and trace- clement analyses (from Scott 1979) of central west Greenland kimberlites 
and lamproites examined in this study.
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Analysis 1 . 2. 3. 4. 5. 6. 7. 8. 9. 10.
Sample 5508 5903 5907 5932 5973 5611 5622 5634 5652 5672
Si09 31.18 30.45 16.40 30.30 32.98 38.28 39.21 41.92 49.60 40.45
TiC>2 2.57 2.12 1.94 3.36 4.07 2.24 2.24 3.15 4.15 2.38
a i2o ^ 3.38 0.44 1.28 1.72 3.50 5.60 5.01 7.01 8.64 6.43
Fe9Oo 3.71 3.95 3.49 4.26 5.42 2.33 1.49 2.46 2.21 2.72
FeOa 7.69 9.23 5.45 8.44 8.42 4.83 6.14 5.27 4.75 9.76
MnO 0.18 0.23 0.19 0.27 0.20 0.09 0.10 0.10 0.07 0.19
MgO 26.00 35.75 17.24 30.84 23.24 15.30 21.61 11.17 6.32 15.84
CaO 9.78 6.50 24.81 9.49 12.02 8.99 5.02 6.65 4.32 13.66
Na90 0.28 0.05 0.14 0.11 0.17 1.60 1.13 1.95 1.60 0.84
k 9o 2.84 0.29 0.99 1.40 2.27 6.27 6.25 7.54 10.03 1.14
P2°5 0.44 0.40 1.80 0.32 0.91 0.76 0.94 1.31 1.26 0.33
h 9o + 3.59 2.91 3.16 3.82 3.86 3.30 3.36 2.43 1.12 3.65
co2 8.29 6.71 23.39 6.67 2.72 9.00 5.94 6.68 2.93 0.77
SUM 99.93 99.03 100.78 101.00 99.78 98.59 98.44 97.64 97.00 98.16
V 271 269 247 372 518 219 236 318 359 437
Cr 1357 1756 816 1840 1172 755 744 393 164 1797
Ni 770 1275 329 994 652 557 782 291 54 306
Cu 102 34 91 78 157 30 28 53 26 159
Zn 69 80 60 82 82 75 81 99 111 82
Rb 107 9 53 43 75 144 162 159 216 30
Sr 793 749 2524 744 908 1385 2549 2174 2365 409
Y 18 13 25 17 18 17 19 25 19 18
Zr 209 90 412 101 535 557 505 844 1648 142
Ba 1298 688 2210 932 766 1730 2838 3149 2590 990
La 276 443 582 238 82 221 322 351 344 42
Ce 291 604 687 313 173 284 384 441 423 103
Ua 4.64 13.04 3.56 1.58 1.26 2.30
a Uranium analyses (by isotope dilution) from this study.
1. kimberlite, Umanarssuk region.
2-4. kimberlite, Sarfartüp nunä region.
5. kimberlite, Manitsorssuaq region.
6-7. lamproite, Sagdlerssuaq region.
8. lamproite, Kingap timerdlia region.
9. lamproite, Sagdlerssuaq region.
10. anomalous lamprophyre, Sagdlerssuaq region.
sample. Calculated initial 87Sr/86Sr values for the kimberlites display a relatively limited range of from 
0.7027 to 0.7033, whereas the lamproites have considerably more radiogenic initial 87Sr/86Sr values of 
from 0.7045 to 0.7060. The kimberlites and lamproites have generally similar Nd and Sm 
concentrations, and possess Nd/Sm ratios indicating steep light-rare-earth-element enrichment. Initial eNd 
values range from +1.3 to +3.9 for the kimberlites, indicating derivation from sources having a 
time-integrated history of light rare-earth element depletion compared to bulk earth evolution. By 
contrast, the lamproites possess initial eNd values of from -10 to -13.
Compared to both the kimberlites and lamproites, the "anomalous" lamprophyre (sample #5672) has 
considerably lower Nd and Sm concentrations and only moderate light rare-earth element enrichment. The 
Nd isotopic results suggest that it is unlikely that the anomalous lamprophyre was emplaced during the
Table 6.2 Strontium and neodymium isotopic analyses of kimberlites and lamproites from central west 
Greenland.
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Rb Sr Sm Nd 87Rb/86Sr 87Sr/86Sra 147Sm/144Nd 143Nd/144Ndb eNd(0) eNd 
......ppm----  meas initial
kimberlites (Age 587 ±24 myrs; Smith 1979, Scott 1981) 
Sarfartüp nunä
5903 11.42 682.1 16.82 135.6 0.0483 0.70342 ±3 0.70302 0.0750 0.51152 ±2 -6.2 +2.9
5907 54.91 2799 24.38 195.8 0.0566 0.70377 ±4 0.70330 0.0753 0.51150 ±2 -6.6 +2.4
5932 56.64 723.8 
Umanarssuk
16.34 117.7 0.2259 0.70464 ±4 0.70275 0.0840 0.51155 ±2 -5.6 +2.9
5508 125.1 804.9 10.28 77.74 0.4488 0.70658 ±8 0.70282 0.0799 0.51145 ±2 -7.5 +1.3
Manitsorssuaq 
5973 81.2 854.1 9.038 146.3 0.2745 0.70525 ±4 0.70295 0.0841 0.51160 ±2 -4.6 +3.9
lamproites (Age 1227 ±12 myrs; Smith 1979, Scott 1981)
Sagdlerssuaq 
5611 153.7 1437 12.88 100.5 0.3088 0.71050 ±4 0.70507 0.0775 0.51037 ±2 -28.6 -9.9
5652 198.1 2455 15.69 132.8 0.2330 0.70860 ±8 0.70450 0.0714 0.51016 ±2 -32.7 -13.0
5622 178.5 2952 11.70 103.0 0.1746 0.70912 ±5 0.70605 0.0687 0.51023 ±2 -31.5 -11.4
Kingap timerdlia 
5634 163.9 2228 18.05 142.7 0.2124 0.70846 ±6 0.70473 0.0765 0.51035 ±2 -29.1 -10.2
anomalous lamprophyre
Sagdlerssuaq 
5672 37.74 682.2 9.831 57.31 0.1597 0.70551 ±4 0.1037 0.51148 ±3 -7.0
a Errors refer to within run precision at the 2 amean level. Uncertainty in 87Rb/86Sr is 0.5% (2ct). Sr 
isotope ratios normalised using 86Sr/88Sr = 0.1194. NBS-987 standard value is 0.71022 ±4. E & A 
standard carbonate value is 0.70800 ±3.
b Error in 147Sm/144Nd is 0.1% (2a). Nd isotopic ratios normalised using 146Nd/142Nd = 0.636151. 
The value obtained for BCR-1 standard is 0.511833 ±20. = (143N d /144N d mpa /
143Nd/144NdCHUR -1) xlO4 where 143Nd/144NdCHUR = 0.511836.
same episode as the lamproites (i.e. -1227 Ma ago), as this age requires that the intrusion possess an 
initial eNd of +7.7, an unreasonably high value for mantle-derived magmas at this time. By this 
reasoning, it is unlikely that the anomalous lamprophyre is older than -1000 Ma. An emplacement age 
contemporaneous with that of the Holsteinsborg kimberlites (i.e. -590 Ma) corresponds to a more
on os
reasonable initial eNd of -0.05. At this emplacement age, the initial Sr/ Sr of the lamprophyre is 
0.7042, whereas at 1227 Ma the initial 87Sr/86Sr is 0.7027. Assuming a Mesozoic emplacement age, 
the initial 0 Sr/ Sr of the anomalous lamprophyre would lie within the range of values of from 0.7029 
to 0.7058 determined by Hansen (1981) for Mesozoic lamprophyres from southern west Greenland.
6.4.2 U-Pb isotopic analysis
U-Pb isotopic results obtained for 3 lamproite samples are given in Table 6.3 and plotted along with 
the locus of the Pb mantle growth curve (i.e. with |i = 8, based on a single-stage evolution of the least 
radiogenic Pb isotopic compositions of mid-ocean ridge basalts) in Fig. 6.2. The lamproites possess 
generally high Pb concentrations and low U/Pb ratios, and the age corrections to the measured
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Fig. 6.1 Initial Sr-Nd isotope diagram showing the fields for kimberlites and lamproites from central 
west Greenland, compared to fields of mid-ocean ridge basalts and other examples of anorogenic potassic 
magmas. Data sources as in Fig. 3.3.
207Pb/204Pb ratios for 235U decay since their emplacement -1227 Ma ago are relatively small (i.e. < 
-0.09). However, corrections to the measured 206Pb/204Pb ratios are substantial (i.e. < -1.1) and the 
initial Pb isotopic compositions of the lamproites must therefore be interpreted with some caution. 
Despite the uncertainty the age correction introduces, both the measured and age-corrected Pb isotopic 
compositions of the lamproites are considerably less radiogenic than the model mantle reservoir at the 
time of their emplacement (see Fig. 6.2). As their measured (uncorrected) Pb isotopic compositions are 
also less radiogenic than the mantle reservoir at 1227 Ma, it is probable that the lamproites would still
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Table 6.3 Uranium and lead isotopic data for lamproites from central west Greenland.
Sample Ua Pb 238U/204Pb 206Pb/204Pbb 207Pb/204Pb 208Pb/204Pb
—ppm— meas initial0 meas initial0 meas initial0
5611
5622
Sagdlerssuaq
Sagdlerssuaq
1.58
1.26
20.34
25.31
5.18
3.34
15.315 (14.23) 
15.117 (14.42)
15.044 (14.96) 
15.122 (15.06)
35.904
36.464
(34.60)
(35.62)
5634 Kingap tim. 2.30 47.44 3.23 15.313 (14.64) 15.014 (14.96) 35.843 (35.03)
a U and Pb concentrations determined by isotope dilution mass spectrometry.
b Data obtained on the RSES Finnigan-MAT multi-collector mass spectrometer. Ratios have been 
corrected for mass fractionation using 0.11 %/m.u. based on multiple analyses of the NBS-981 
common Pb standard. The analytical uncertainty is <0.1% (la).
0 Corrected for 238U and 232Th decay since emplacement, using an age of 1227 Ma. Age corrections 
to 208Pb/204Pb are made assuming Th/U = 4.
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Fig. 6.2 Measured (■) and age-corrected (□) Pb-Pb isotope compositions for lamproites from central west 
Greenland. Also shown for comparison is the mantle model growth curve (with ]i =  8.0). Both measured 
and age-corrected Pb isotopic compositions are considerably less radiogenic than anticipated mantle values 
(given by the p = 8 curve) at the time of emplacement of the lamproites.
have possessed unradiogenic initial Pb isotopic compositions even if they had been effected by 
post-emplacement alteration of the U/Pb ratio by mobility of uranium.
6.5 Discussion
The isotopic results indicate that the kimberlites of central western Greenland were derived from 
time-integrated light rare-earth depleted mantle sources, similar to that from which the South African 
Group 1 (so-called "basaltic") kimberlites were derived (Smith 1983). Compared to the kimberlites, the 
Greenland lamproites possess considerably more radiogenic initial Sr/ Sr and unradiogenic initial 
143Nd/144Nd. Although these isotopic features may have been acquired by crustal interaction, the 
lamproites are characterised by high concentrations of Sr (1437 to 2952 ppm) and Nd (100 to 143 ppm), 
requiring the assimilation of substantial amounts of crustal material to modify their Sr and Nd isotopic 
compositions. For example, assuming contamination by bulk assimilation processess of typical 
continental crustal material possessing 50 ppm Nd and eNd of -25, a mantle-derived magma with 100 ppm 
Nd and eNd of +5 would need to assimulate 2 times its original mass of crustal material to acquire an eNd 
of -10. However, the lamproites possess high Mg-numbers (atomic Mg/[Mg + total Fe] values are 
generally greater than 0.85) and transition-element concentrations (>290 ppm Ni and >390 ppm Cr, 
except for #5652 which has considerably lower Ni and Cr contents; see Table 6.1) combined with low 
Si02 (<42 wt%, except for #5652 which has ~50 wt%) AI2O3 (<8.6 wt%) and Na2Ü (<2 wt%) contents. 
These features are not consistent with the assimilation of such substantial amounts of crustal material. 
The lamproites were therefore probably derived from so-called enriched mantle sources, as has been argued 
for anorogenic lamproitic rocks from other localities (see Chapter 3 of this thesis). The isotopic results 
clearly do not support a direct genetic connection between the lamproites and kimberlites of central
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western Greenland.
In Fig. 6.1, the initial Sr and Nd isotopic results obtained for the central west Greenland kimberlites 
and lamproites are compared to data from other localities. A notable feature is the similarity of the Sr and 
Nd isotopic results for the central western Greenland kimberlites with those of Group 1 kimberlites from 
South Africa, whereas the Greenland lamproites bear some isotopic resemblance to the Group 2 
(micaceous) kimberlites and to Leucite Hills madupites. This isotopic bi-modality appears to be a 
common feature of anorogenic alkaline magmatism (i.e. that occuring within old, stabilised crustal 
blocks). For example, in addition to central west Greenland and South Africa, such isotopic bi-modality 
is also found in the Kimberley Block of Western Australia, where it is represented by the Cummin Range 
carbonatite and the Western Australian lamproites, and the Arunta Block of central Australia, where it is 
represented by the Mudtank carbonatite and the Mordor Complex.
Assuming that Pb evolution within the Earth's mantle can be approximated by a single-stage history 
with p. = 8, the unradiogenic Pb isotopic compositions of the lamproites indicates that their sources must 
have evolved in isolation in a low-|i environment following extraction from the mantle reservoir. 
Although the Pb isotopic compositions of the lamproites plot near the |i = 8 growth curve and their 
207Pb/204Pb ratios were comparable to that of the Earth's mantle at the time of their emplacement, their 
2°6pb/2°4pb ratios were considerably less radiogenic than that of contemporaneous Pb within the Earth's 
mantle (Fig. 6.2). Their Pb isotopic compositions therefore require a history of |i variation involving a 
period of high |i, to elevate their 207Pb/204Pb ratios, followed by a period of low p. during which 
evolution of both 206Pb/204Pb and 207Pb/204Pb ratios was retarded. This evolutionary history is 
similar to that indicated by the Pb isotopic compositions of other examples of anorogenic potassic 
magmatism, such as the Western Australian lamproites and lamproites from Smoky Butte, Montana.
The implications of the isotopic results obtained on central west Greenland lamproites for the 
petrogenesis of potassic igneous rocks are discussed in Chapter 7. Further discussion of the isotopic 
characteristics of kimberlites and implications for kimberlite petrogenesis can be found in Section B of 
this thesis.
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7. SYNTHESIS- Petrogenesis of potassic magmas as inferred from geochemical and isotopic evidence 
7.1 Introduction
Despite a long history of investigation (see Gupta and Yagi 1980, for a review), the petrogenesis of 
the ultrapotassic suite has remained enigmatic. A number of recent isotopic studies (for example, 
McCulloch et al. 1983, Collerson and McCulloch 1983, Vollmer and Norry 1983a, Vollmer et al. 1984, 
Fraser et al. 1985, Nelson et al. 1986a, b, and this thesis) have found that, in contrast to other 
mantle-derived magmas, many examples of potassic magmatism possess highly radiogenic Sr and 
unradiogenic Nd isotopic compositions (see Figs. 2.4 and 3.3). Although these isotope characteristics may 
have been acquired by extensive assimilation of continental crust, these studies have generally argued 
against the operation of crustal contamination processes in favour of an "enriched mantle" origin. The high 
Mg-numbers and Ni and Cr contents of these magmas and the presence of mantle xenoliths (and in one 
case, diamonds) are cited in support of this. Furthermore, the extremely high contents of most trace 
elements (including Sr and the rare-earth elements) of these magmas make them insensitive to bulk 
contamination processes, requiring the assimilation of substantial amounts of crustal material to modify 
their Sr and Nd isotopic characteristics. As geochemical and isotope correlations indicative of mixing are 
evident in many potassic suites (for example, in the Italian, Spanish and Western Australian examples), 
most recently advanced petrogenetic models (e.g. McCulloch et al. 1983, Jaques et al. 1984a, Vollmer et 
al. 1984) invoke partial melting of a lherzolitic or harzburgitic mantle source which has been variably 
contaminated by an incompatible-element-rich "metasomatic" component. However, the question of the 
ultimate sources of these "metasomatic" components, which presumably confer the enriched mantle 
isotopic character to the sources of potassic magmas, is rarely addressed and remains problematic.
In this chapter, a model is proposed in which the mantle sources of at least some examples of both 
orogenic and anorogenic potassic magmas have been contaminated by crustal components. In the case of 
orogenic potassic suites, it will be argued that their geochemical and Sr, Nd and Pb isotopic characteristics 
are consistent with contamination of their mantle sources by components derived from recently-subducted 
sediments. For potassic suites located within anorogenic tectonic settings, it will be argued here that the 
crustal contaminants involved were also derived from subducted marine sediments, but that in these cases 
the "enriched mantle" sources from which anorogenic potassic magmas are derived have been stored for long 
time periods within the subcontinental lithosphere. These interpretations reconcile the mantle 
characteristics of many examples of potassic magmatism (for example, their high Mg-numbers and 
transition-element concentrations) with apparent crustal features such as their incompatible-element patterns 
and Sr, Nd and Pb isotope characteristics. Furthermore, the complex multistage U/Pb fractionation 
histories indicated by the unusual Pb isotopic compositions of anorogenic potassic magmas are not readily 
explained by models advocating their generation entirely within the upper mantle or subcontinental 
lithosphere, but are consistent with this interpretation.
Discussion of the Ca isotopic results and their implications for the petrogenesis of ultrapotassic 
rocks can be found in Chapter 9 of this thesis.
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12 Can sediments be subducted?
The relative importance of mantle recycling, via subduction, of continent-derived sedimentary 
material has been a contentious issue in the long-standing debate about the rate of differentiation of the 
continental crust throughout geological time. A number of authors (e.g. Moorbath 1978, O'Nions et al. 
1979, Jacobsen and Wasserburg 1979, Allegre and Jaupart 1985) have argued that the mass of the 
continents has grown steadily throughout the Earth's history by the progressive and irreversible addition of 
new mantle-derived material to the continental crust. Proponents of this view stress the difficulties 
associated with the destruction, by subduction into the mantle, of continental crust or sediments, due to 
their buoyancy and low melting temperatures, and regard the mantle-like initial isotopic compositions of 
some Archaean and Proterozoic granite terrains as evidence of crustal growth during rapid (100 to 300 Ma 
duration) "accretion/differentiation super-events" (Moorbath 1975, 1978). However, this view has been 
strongly contested by Armstrong (1968, 1981) and others who advocate the continuous recycling into the 
mantle since the early Archaean of continental material at a steadily decreasing rate. In this model, 
magmatic addition of new material from the mantle to the crust is balanced by the destruction of a small 
proportion of continental mass by the subduction and mixing of sediments into the mantle.
In an attempt to resolve this controversy, one approach has been the use of the sedimentary mass 
flux of modem subduction zones as a means of estimating the mass of missing sedimentary material which 
may have been subducted into the mantle. Using present-day observed sediment thicknesses and subduction 
rates, these studies (e.g. Hussong and Uyeda 1981, Karig and Kay 1981, Kay 1984, Hole et al. 1984) 
indicate that the total input of pelagic sediment entering some trenches, such as the Mariana trench, is far 
greater than the estimated sediment contribution to the total arc volcanic and plutonic output. The 
generally higher concentrations of 10Be in island-arc lavas (Brown et al. 1982) provide evidence of some 
contribution of subducted sediment to island-arc magmatism, although Sr and Pb isotope (Meijer 1976, 
Cohen and O’Nions 1982b) and trace-element studies (Morris and Hart 1980, Kay 1980, McLennan and 
Taylor 1981, McCulloch and Perfit 1981, Kay et al. 1981, Karig and Kay 1981, Kay 1984, Hole et al. 
1984) suggest that the overall contribution of subducted sedimentary material to island-arc magmatism is 
generally small, accounting for probably less than a few percent of the total mass of island-arc magmatism. 
A further consideration is the extent of re-working of sediments within the ocean basins by turbidity 
currents, which may transport sedimentary mass away from trenches. However, a significant proportion of 
continent-derived sedimentary material is probably entering the trenches of at least some modem subduction 
zones and is either being "subcreted" beneath the fore-arc region (Karig and Kay 1981) or recycled into the 
deeper mantle (Hole et al. 1984).
The difficulties involved in the subduction of sediments, because of their low densities and melting 
temperatures, requires that either they are physically trapped within cooler parts of the subducting slab (for 
example, within grabens) or that they are carried down by convection of the mantle directly overlying and 
perhaps frozen onto the slab. While these difficulties suggest that sedimentary material which may be 
carried down with the slab will eventually enter the overlying mantle, the absence of a pronounced 
sedimentary signature in many island-arc volcanics so far examined implies that, for a substantial 
proportion of subducted sediment, this may occur at depths greater than the depth of generation of island-arc 
volcanism.
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7.3 Sediment subduction and orogenic potassic magmatism
Available geochemical studies (e.g. Nicholls and Whitford 1978, Foden and Vame 1980) of the few 
known occurrences of potassic lavas from presently active subduction zones, such as the leucite-normative 
lavas from the Sunda arc, Indonesia, indicate that apart from their high K20  content and K ^ /N a ^ ,  they 
possess many features in common with more typical island-arc magmatism. Whitford (1978), Whitford et 
al. (1978) and Varne (1985) demonstrated that K20  contents of east Sunda arc volcanics correlated 
positively with 87Sr/86Sr and negatively with 143Nd/144Nd, consistent with mixing between two 
components, one isotopically "enriched" and also rich in K20 . Based on geochemical and Sr and Nd 
isotopic similarities between the Kimberley lamproites and orogenic lavas of the Sunda and Banda arcs to 
the north of the Kimberley craton, Vame (1985) proposed that arc volcanoes which have erupted K-rich 
lavas were tapping subcontinental mantle similar to that from which the Kimberley lamproites were 
derived. However, differences between the Pb isotopic compositions of the arc rocks (White et al. 1983) 
and the lamproites (Fraser et al. 1985, Nelson et al. 1986a and this thesis) are not consistent with the direct 
involvement of the Kimberley lamproite source in the generation of the arc lavas. An alternative 
explanation, advanced by Whitford et al. (1978), Whitford et al. (1981) and White et al. (1983) and which is 
consistent with the Pb isotopic results obtained by White et al. (1983), is that recently subducted sediments 
were involved in the genesis of the Sunda arc lavas. A similar explanation was proposed by Whitford and 
Jezek (1982) to account for the generally similar geochemical and isotopic characteristics of high-K 
calc-alkaline lavas from the Banda arc. It will be argued here that the geochemical and isotopic similarities 
of the Western Australian lamproites and the high-K arc lavas noted by Vame (1985) do provide support for 
the derivation of these magmas by a common petrogenetic process, with the Pb isotopic differences due to 
the involvement of comparatively younger, recently subducted sediments in the case of the arc lavas and, in 
the case of the lamproites, to the involvement of ancient subducted sedimentary components which have 
been stored for long periods within the subcontinental lithosphere of the Kimberley craton.
A number of other recent studies (e.g. Thompson 1977, Edgar 1980, Civetta et al. 1981, Venturelli 
et al. 1984, Peccerillo et al. 1984, Peccerillo 1985, Rogers et al. 1985, Nelson et al. 1986a) have also 
argued, on the basis of geochemical similarities with modem arc lavas, for the involvement of subduction 
processes in the genesis of other examples of "orogenic" potassic volcanism, such as those of Italy and 
southeastern Spain. Trace-element characteristics of the Spanish lavas, such as their high Ba 
concentrations, low K/Rb, high Ba/La and rare-earth element patterns with negative Eu anomalies 
(Venturelli et al. 1984, Nixon et al. 1984) are also consistent with contamination of their mantle sources 
by a component resembling modem sediments. Isotopic analysis (see Chapter 2) indicates that the Spanish 
lavas possess Sr, Nd and Pb isotope ratios similar to those of modem sediments and, although possibly 
complicated by extensive high-level crustal contamination in the more differentiated magmas (e.g. Turi and 
Taylor 1976), the involvement of a similar crustal component can also account for the isotopic and 
trace-element features of the Italian potassic suite.
There are significant geochemical and isotopic differences between potassic magmas occurring within 
active (or "orogenic") tectonic settings and those from tectonically stable ("anorogenic") continental 
settings. As with most arc lavas, K-rich magmas found within active subduction zones commonly have 
low Ti02, Ta, Nb and Zr contents, and although they may be characterised by generally more extreme (i.e.
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Fig. 7.1 Trace-element abundances (in order of increasing compatibility in garnet peridotite) normalised to 
the abundances estimated for primitive mantle (from McDonough et al. 1985 and Nelson et al. 1986a) of 
potassic magmas from Western Australia (McCulloch et al. 1983; Jaques et al. 1984a; Nixon et al. 1984; 
Nelson et al. 1986a), Antarctica (Sheraton and England 1980; Sheraton and Cundari 1980; Sheraton 1983; 
Collerson and McCulloch 1983) and Leucite Hills (Kuehner et al. 1981; Vollmer et al. 1984). Th and U 
abundances for Leucite Hills examples not available. The field of normalised trace-elements (hatched) for 4 
sediments (3 slates and 1 pelagic mud composite) from Thompson et al. (1984) also shown for 
comparison.
more radiogenic 87Sr/86Sr and unradiogenic 143Nd/144Nd) isotopic character, they are nevertheless 
demonstrably geochemically and isotopically related to the arc lavas with which they occur. Although 
potassic magmas from anorogenic tectonic environments possess generally similar radiogenic 87Sr/86Sr 
and unradiogenic 143Nd/144Nd compositions by comparison with orogenic high-K lavas, the findings of 
this study (Chapter 3) indicate that they commonly possess unusual Pb isotopic compositions, with highly 
unradiogenic 206Pb/204Pb, which are unique to potassic magmas from anorogenic settings. The 
remaining discussion in this chapter focusses principally on the interpretation of these unusual geochemical 
and isotopic characteristics.
7.4 Chemical and isotopic characteristics of anorogenic potassic magmatism
Averaged element abundance patterns for potassic magmas from 4 separate localities, normalised to - 
estimated primitive mantle abundances (from McDonough et al. 1985 and Nelson et al. 1986a), are shown 
in Fig. 7.1. Diamond-bearing lamproites from Western Australia, leucitites from Gaussberg, high-K 
alkaline dykes from MacRobertson Land, Enderby Land and Queen Mary Land regions of east Antarctica 
and madupites, wyomingites and orendites from Leucite Hills, Wyoming, have remarkably similar 
geochemical characteristics. All are characterised by high Mg-numbers (each locality averaging 
Mg/(Mg+total Fe) > 0.65 with the exception of Manning Massif, Mt Bayliss and Bunger Hills samples,
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Fig. 7.2 Incompatible-element ratios K/Ba, Ba/La and K/Rb for a variety of rock-types. Modem oceanic 
sediments and many examples of potassic magmatism have generally low K/Rb, variable but low K/Ba 
and high Ba/La compared to mid-ocean ridge basalts. Ocean-island and island-arc basalts have intermediate 
values. Data sources; Jakes and White (1972), Church (1973), Erlank and Kable (1976), White and Bryan 
(1977), Kay (1980), Sheraton and Cundari (1980), Morris and Hart (1983), Jaques et al. (1984a), Liu and 
Schmitt (1984), Venturelli et al. (1984).
which have Mg-numbers of 0.58, 0.58 and 0.50 respectively) and high Ni and Cr contents, as well as high 
to extreme abundances of K20 , T i02, S 0 2, H20 , Cl, Ba, LREE, high K20/N a20  and
Fe3+/Fe2+, and relatively low abundances of A120 3, CaO and Na20 . The ratios of highly incompatible 
elements of these magmas more closely resemble those of subduction-related magmas and pelagic 
sediments than those of other mantle-derived rocks. The arc-like Ba/La and Ba/Nb ratios of some examples 
of high-K magmas have been previously noted by Thompson et al. (1984) and Vame (1985). For example, 
the Western Australian lamproites possess high Th/U (averaging 5.8) and Ba/La ratios (36.6) and low K/Rb 
(146) and K/Ba ratios (6.07, average of 20 analyses by Jaques et al. 1984a, see Fig. 7.2). Although these 
ratios may be effected by extensive fractionation of some mineral phases, such as leucite and phlogopite, 
there is no correlation between Ba/La and K/Ba ratios and differentiation parameters such as wt% MgO (see 
Fig. 7.3). Th/U and K/Rb ratios are respectively positively and negatively correlated with wt% MgO (i.e. 
olivine lamproites have generally higher Th/U and lower K/Rb ratios than leucite lamproites) indicating
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Fig. 7.3 Incompatible-element ratios Ba/La, Ba/Nb and K/Ba versus wt% MgO for the Western Australian 
lamproites. A weak negative correlation exists between K/Rb and wt% MgO, suggesting that 
differentiation processes have increased the K/Rb ratio. There is no correlation between Ba/La and Ba/Nb 
and wt% MgO. Data from Jaques et al. (1984a)
that although these ratios may have been influenced by differentiation processes, the high Th/U and low 
K/Rb are not due to crystal fractionation. The Western Australian lamproite values compare with ranges 
for pelagic sediments of 4.7 to 7.5 for Th/U (Elderfield et al. 1981, Thomson et al. 1984, White et al. 
1985; considerably lower Th/U values, <0.1, may be typical of metalliferous sediments such as those 
examined by Veeh 1981), 7.2 to 47 for Ba/La (White et al. 1985, and average of 35 Walvis Ridge 
sediments analysed by Liu and Schmitt 1984), 240 for K/Rb (estimated by Kay 1980, and average value for 
35 Walvis Ridge sediments from Liu and Schmitt 1984) and 8.6 to 9.9 for K/Ba (Kay 1980, Liu and 
Schmitt 1984). By contrast, ocean-island alkali basalts typically possess Th/U between 3.7 and 4.3 
(compilation by Galer and O'Nions 1985), Ba/La of 5 to 13, K/Rb of 370 to 900 and K/Ba between 12 and 
40 (from compilation by Morris and Hart 1983).
The isotopic characteristics of all anorogenic potassic suites so far examined indicate generally 
similar long-term histories of U/Pb and Sm/Nd (see, for example, Chapters 3, 5 and 6, and Figs. 3.3 and 
3.4), although a considerable range in Ö/Sr/ Sr is evident. In particular, the Pb isotope compositions of 
these examples of potassic magmatism indicate a history of U/Pb variation involving at least two stages; 
an earlier high U/Pb stage is required to generate the high 207Pb/204Pb while there is still sufficient of the
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parent 235U, followed by a low U/Pb stage to retard the increase in 206Pb/204Pb by the decay of the 
parent 238U. Long histories are required to generate these unusual Pb isotopic compositions. For 
example, modelling of the Pb isotopic compositions of the Western Australian lamproites (see Chapter 3 
of this thesis) indicates that their Pb cannot have differentiated from the mantle later than ~2.1 Ga ago, and 
is probably much older. The Pb isotope ratios of these potassic magmas are unlike those of modern 
marine sediments, due to the histories of more recent low U/Pb. Because of the similar chemical behavior 
of uranium and lead during igneous processes, the dramatic fractionation events lowering the U/Pb ratios in 
the sources of these potassic magmas are considered unlikely to have been the result of magmatic 
fractionation/differentiation processes. However, an effective means of fractionating uranium from lead is 
by either weathering, sedimentation or hydrothermal processes at the Earth’s surface, due to the greater 
insolubility of U4+ in aqueous systems under reducing conditions.
To investigate the possible involvement of sediments in the generation of potassic magmatism in 
more detail, further discussion of some aspects of the geochemical and isotopic properties of marine 
sediments is warranted.
7.5 The chemistry of marine sediments
The isotopic characteristics of modern marine sediments vary with provenance, with most of the 
observed variation attributable to mixing in varying proportions of material derived from the upper 
continental crust (a continental detrital component) with that derived from the mantle (consisting of a 
hydrothermal component principally derived from oceanic spreading centers and a terrigenous component 
derived from young arcs). The proportion of each component derived from these sources varies depending 
on the element, with a large proportion of the Sr and most of the Nd found in oceanic sediments and 
manganese nodules derived from continental sources (Dasch et al. 1971, Addy 1979, Elderfield et al. 1981, 
Goldstein and OTSfions 1981). Most studies of oceanic sedimentary Pb have found relatively uniform Pb 
isotopic compositions with high 207Pb/204Pb and moderate 206Pb/204Pb (Chow and Patterson 1962, 
Dasch et al. 1971, Reynolds and Dasch 1971, Church 1973, Meijer 1976, Unruh and Tatsumoto 1976, Sun 
1980, White et al. 1985) consistent with a predominantly upper continental derivation, although a study of 
metalliferous sediments from the Nazca plate (Dasch 1981) found Pb isotopic compositions resembling 
those of mid-ocean ridge basalts, indicating that sediments located near oceanic spreading centers may 
contain a considerable proportion of mantle-derived Pb (see Fig. 7.4). The similar 206Pb/204Pb ratio of 
the MORB and continent-derived components results in relatively limited variation in the observed 
206Pb/204Pb ratio of modem sediments, whereas considerable variation is observed in 207Pb/204Pb due to 
the much higher 207Pb/204Pb of continental detritus relative to MORB.
If time-scales of mantle recycling of ~108-109 years apply, possible differences in the geochemistry 
of Archaean and Proterozoic sediments compared to their modem counterparts and the effects of radiogenic 
decay during storage in the mantle must also be considered. As there are no modem equivalents to the 
extensive banded iron formations and chert sediments of the Archaean and early Proterozoic, sedimentation 
processes operating during the Archaean may have differed from those operating today. Geochemical (e.g. 
Taylor and McLennan 1981, McLennan 1982, McLennan and Taylor 1983, McLennan et al. 1984) and Nd 
isotopic studies (e.g. McCulloch and Wasserburg 1978, Hamilton et al. 1983, Miller and 0*Nions 1985)
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Fig. 7.4 Pb-Pb isotope ratios of modern marine sediments compared to those of mid-ocean ridge basalts. 
Data sources; Sediments- Chow and Patterson (1962), Reynolds and Dash (1971), Church (1973), Meijer 
(1976), Unruh and Tatsumoto (1976), Sun (1980), Dash (1981), White et al. (1985). Mid-ocean ridge 
basalts- Dupr6 and Allkgre (1980), Cohen and O'Nions (1982a).
suggest that Archaean clastic and chemical sediments were typically less LREE-enriched and isotopically 
less-evolved than modem sediments. These features are believed to reflect the more mafic character of the 
Archaean continental crust from which the sediments were derived. Sr isotopic studies of chemical 
sediments (e.g. Veizer and Compston 1976) have found that many Archaean carbonates have 0 Sr/° Sr
0 7  o /:
values similar to that of the contemporaneous mantle, with a significant increase in Sr/°°Sr occurring 
toward the end of the Archaean. The low 0 Sr/° Sr of many Archaean carbonates was attributed by Veizer 
et al. (1982) to extensive interaction of Archaean seawater and ocean-floor basalts, possibly as a 
consequence of a higher Archaean geothermal gradient. It is likely that the Pb isotopic compositions of 
Archaean marine sediments were also influenced to some extent by this process. Continental crust was 
already well-differentiated by the late Archaean, however, and provided a source of radiogenic Sr and Pb to 
the marine environment. Oceanic sediments during the geologic past therefore probably possessed Pb 
isotopic compositions which varied with provenance from contemporaneous mantle to upper crustal values. 
The Sm/Nd ratio of modem oceanic pelagic sediments are generally similar to those estimated for the upper 
continental crust, implying that this ratio is not substantially fractionated by erosion and sedimentation 
processes. The Rb/Sr ratio is dependent on the clay/carbonate content and is more variable. However, the 
available data (Chow and Patterson 1962, Church 1973, Calvert 1976, Chester and Ashton 1976, Unruh
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Fig. 7.5 Proposed mechanism to explain the Pb isotopic evolutionary history of this group of potassic 
magmas. As an example, a possible Pb evolution trajectory for Ellendale lamproite WAK-27L (analysis 
from Chapter 3 of this thesis) is shown. At time tj (for the example shown, 3.0 Ga ago), Pb is extracted 
from the mantle during a crust forming event and evolves for some period in the high U/Pb upper crust. 
For the example shown, |i (238U/204Pb) is 13.75 for 1.0 Ga. At ^  (2.0 Ga ago), this upper crustal Pb is 
eroded from the continent and deposited in the low p marine environment. These sediments are then 
subducted into the mantle and stored in the subcontinental lithosphere. For the example shown, p is 4.25 
during this ~2.0 Ga period.
and Tatsumoto 1976, White et al. 1985) suggests that the U/Pb ratio of modem pelagic oceanic sediments 
is extremely variable and is commonly low, and may have been generally lower during the Archaean when 
the lower degree of oxidation of the Earth's atmosphere would favour the less-soluble U4+ ion over U6+. If 
sediment subduction has been an important process throughout the Earth's evolution, this has important 
implications for the global U/Pb and Th/U budget, as will be discussed later.
Since the late Archaean at least, the Nd isotopic composition and Sm/Nd ratio of oceanic sediments 
were therefore probably similar to those of the contemporaneous upper crust, whereas Sr and Pb isotopic 
compositions were influenced by a combination of contemporaneous mantle and upper crustal inputs. For 
oceanic sediments containing a significant proportion of continent-derived Pb, fractionation of the U/Pb 
ratio during sedimentation will retard further isotopic evolution of their already radiogenic upper crustal Pb 
(Fig. 7.5). Although processes acting during subduction (i.e. dehydration or partial melting) may modify 
the chemistry of subducted sediments, their effect on the Rb/Sr, Sm/Nd and U/Pb ratios of sediments is 
dependent on the element partitioning effects of the various mineral phases involved in the subduction zone 
and is largely unknown. If the extent of such modification is not too severe, the Nd isotopic characteristics 
of subducted oceanic sediments following their storage within the mantle will evolve roughly parallel to 
the upper continental crust (i.e. towards highly unradiogenic Nd), due to the similarity of the Sm/Nd ratio
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of oceanic sediments and the upper continental crust. However, if extensive partial melting of the 
sediments occurs within the subduction zone, an increase in the Sm/Nd ratio of the residue is likely. The 
effect of this on the Nd isotopic evolution of the sediments is not quantifiable and depends on the extent of 
Sm/Nd fractionation. If the Sm/Nd ratio of the sediments following the extraction of a melt remains less 
than chondritic (i.e. they are still LREE-enriched) their Nd isotopic composition will remain unradiogenic, 
whereas if the sediments become LREE-depleted, they will evolve more radiogenic Nd during the period of 
their storage within the mantle or the subcontinental lithosphere. The subducted sediments, or possibly a 
melt derived from both subducted oceanic crust and sediments, may become incorporated into the 
subcontinental lithosphere during or after periods of active subduction along the cratonic margin. At some 
later stage this modified lithosphere is re-activated, generating potassic magmatism derived from so-called 
"enriched mantle" sources.
7.6 Sediment subduction and anorogenic potassic magmatism
Although the effects of partial melting and mixing with the mantle must be considered, many aspects 
of the geochemistry of these examples of continental potassic magmatism are consistent with the 
involvement of a sedimentary component. High Ba contents and Ba/La and low K/Rb are features which 
have been attributed to the involvement of sediment components in studies of island-arc lavas (e.g. Kay 
1980, McCulloch and Perfit 1980). The generally high Th/U ratios may reflect the low U abundances in 
the sedimentary source or may have been compounded by preferential loss of U relative to Th from the 
subducted slab in exsolved fluids during dehydration (Newman et al. 1984). The highly variable oxidation 
state of this group of potassic magmas (Foley 1985), their high abundances of P20 5 (<3.3 wt%) and of 
volatiles such as F (<1.0 wt%), Cl (<0.1 wt%) and H20  (>6 wt%) (Sheraton and Cundari 1980, Sheraton 
and England 1980, Kuehner et al. 1981, Jaques et al. 1984a), their variable but generally radiogenic Sr and 
their unradiogenic Nd are all readily explained by the involvement of sedimentary components. As the 
isotopic evolution of Pb in sediments may be severely retarded following its erosion from the continents 
and deposition in the ocean basins, the unradiogenic 206Pb/204Pb of these magmas may be an indication 
of the time elapsed during sedimentation and storage within the convecting mantle or subcontinental 
lithosphere, whereas variation in the 207Pb/204Pb may reflect the nature and age of the continental 
provenance.
The presence of diamonds in the Western Australian lamproites provides further support for the 
involvement of recycling processes, as an extremely wide range of 8 13C values (including values as low as 
-34 %o vs PDB) have been documented by carbon isotopic studies of diamonds from kimberlites and 
lamproites (Sobolev et al. 1979, Milledge et al. 1983, Swart et al. 1983, Ozima et al. 1985, Jaques et al. 
1986b) consistent with an origin of some diamonds from sedimentary sources of carbon. A wide range of 
3He/*He ratios were also recently reported by Ozima et al. (1985) for diamonds. These authors interpreted 
the high 3He/4He ratios of some diamonds as indicating that they had remained closed systems for almost 
the age of the Earth. However, an alternative interpretation is offered by the recently confirmed high 
3He/*He ratios of some ocean sediments (Ozima et al. 1984) and manganese nodules (Sano et al. 1985), 
believed to be carried by interplanetary dust particles (Amari and Ozima 1985). Furthermore, a common 
mineral assemblage of diamond inclusions, olivine + knorringite-rich garnet + enstatite, has been attributed
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Fig. 7.6 Schematic representation of processess which may be responsible for the generation of enriched 
mantle sources from which anorogenic potassic magmatism is derived.
to recrystallisation of olivine + chrome spinel + enstatite cumulates within oceanic crust following its 
hydrothermal alteration and partial melting during subduction into the mantle (Ringwood 1977). These 
data argue for the involvement of components derived from both subducted sediments and oceanic crust in 
the formation of diamonds.
Although most examples of continental potassic magmatism are not obviously associated with any 
known modem or past subduction zones, their unusual multistage Pb isotopic compositions indicate that a 
significant time period has elapsed between the event lowering the U/Pb ratio (i.e. sediment formation) and 
subsequent potassic magmatism. It is therefore not surprising that they are commonly not associated with 
the operation of modem subduction processes. That most are found intruding Archaean or early Proterozoic 
cratons provides indirect evidence that the sources of these examples of continental potassic magmatism are 
stored within the subcontinental lithosphere. Evidence for the operation of subduction during the 
Proterozoic has been presented for Antarctica by Craddock (1975) and the western American continent by 
Lipman et al. (1972).
The mechanism by which the enriched mantle sources of continental potassic magmas are generated 
is represented schematically in Fig. 7.6.
7.7 Sediment recycling and mantle evolution
Unless subducted sedimentary components are well mixed with the mantle, the overall effect of the 
incorporation of high Th/U, low U/Pb sediments within the subcontinental lithosphere is a re-distribution 
of Th, U and Pb within the continental crust and subcontinental lithosphere and its direct effect on the
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isotopic evolution of the Earth's mantle may not even be detectable. However, the position of MORB, 
ocean-island and upper continental crust Pb to the right of the geochron indicates that their sources have 
undergone either progressive or episodic enrichment in U relative to Pb, requiring the existence of a 
compensating reservoir from which U has been donated. This compensating reservoir should possess 
relatively unradiogenic Pb and lie to the left of the geochron. Although the Earth's core (Allegre et al. 
1982) and the lower continental crust (O’Nions et al. 1979) have been advanced as possible reservoirs in 
which this missing unradiogenic Pb is stored, due to the operation of sediment subduction processes, the 
subcontinental lithosphere may also have acquired these characteristics. The existence of substantial 
reservoirs of low U/Pb, enriched mantle components within the subcontinental lithosphere can therefore 
compensate for the generally radiogenic Pb of the MORB and ocean-island source reservoirs.
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SECTION B. CARBONATITIC AND KIMBERL1TIC MAGMATISM 
8.1 Introduction
Carbonatites are magmatic, carbonate-rich (>50 wt%) rocks characterised by high abundances of Sr, 
Ba, P and the light rare-earth elements. Examples have been reported from both continental settings, 
commonly associated with nephelinitic or kimberlitic igneous provinces, and more recently from oceanic 
settings, such as the Cape Verde and Canary Islands (Allegre et al. 1971, Silva et al. 1981, Barrera et al. 
1981) and the Solomon Islands (Nixon and Boyd 1979). Despite the interest these unusual rocks have 
attracted, their origin still remains a perplexing petrogenetic problem. Earlier models favouring the 
syntexis of limestone are untenable in the light of subsequent isotopic studies. Other proposals have 
invoked such mechanisms as Na-rich carbonate/silicate liquid immiscibility (demonstrated experimentally 
by Hamilton et al. 1979), fractional crystallisation from an alkaline silicate parent magma or extreme 
alkali metasomatism of silicate rocks during the differentiation of an intrusive ultrabasic magma. More 
recently, experimental evidence favours a primary igneous origin for carbonatitic magmas, emphasising 
the important role of C 0 2 in their genesis. C 0 2 is a major component in volcanic glasses and is 
probably contained in minor carbonate phases such as dolomite or magnesite in the upper mantle (Brey et 
al. 1983). Experimental studies (e.g. Wyllie and Huang 1976, Wendlandt 1984) indicate that, due to a 
rapid increase in the solubility of C 0 2 and a concomittant lowering of the solidus temperature at pressures 
-25-30 kbar, partial melts of carbonate-bearing peridotite at these pressures will be carbonate-rich. 
Carbonatite magmas may therefore be produced by small degrees of partial melting of carbonated peridotite 
at depths greater than -8 0  km, followed by the separation of a carbonatitic liquid by immiscibility 
processes.
Radiogenic isotope studies (e.g. Bell et al. 1973, Lancelot and Allegre 1974, Basu and Tatsumoto 
1980, Bell et al. 1982, Barreiro 1983, Roden et al. 1985, Grünenfelder et al. 1986) indicate that most 
carbonatites studied so far have generally similar isotopic characteristics, with unradiogenic initial 
87Sr/86Sr (-0.703), slightly positive eNd and radiogenic initial Pb compared to those of MORB, and 
isotopically resemble alkali basalts from many ocean islands. As the isotopic characteristics of 
ocean-island basalts have been interpreted as evidence that they are derived from subducted oceanic 
lithosphere (Chase 1981, Hofmann and White 1982), a similar origin is also suggested for carbonatites. 
Alternatively, Bell et al. (1982) and Bell and Blenkinsop (1986, 1987a) have argued that Canadian 
carbonatites are derived from a depleted upper mantle reservoir which has remained coupled to the Canadian 
continental crust since the late Archaean. Barreiro (1983) also proposed a similar model for carbonatites 
from Westland, New Zealand, involving crystallisation at depth of a LREE- and carbonate-rich magma 
originally derived from the depleted mantle. At some later time, during which the evolution of its 
143Nd/144Nd ratio had been retarded, this magma was re-activated, resulting in carbonatitic magmatism 
having only slightly positive eNd. C 0 2-dominated "metasomatic" processes have also been implicated in 
the generation of continental alkaline volcanism. For example, Norry et al. (1980) reported Sr-, Nd- and 
Pb- isotope compositions similar to those of carbonatites and ocean islands for alkali basalts, basanites, 
nephelinites and phonolites from the Kenya rift. These authors argued for the operation of 
C 02-metasomatism of the sources of these magmas in order to account for their silica-undersaturation and
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unusual trace-element chemistry. Information concerning the relative mobility of trace elements in 
carbonate fluids provided by the characterisation of the trace-element features of carbonatites may be of 
value in understanding these processes.
In this study, trace-element and isotopic data are reported for carbonatites and kimberlites of a variety 
of localities and ages. Although it is recognised that many carbonatite complexes have had complicated 
histories of differentiation and intrusion, the approach adopted here is to compare broad geochemical and 
isotopic features of many different complexes in order to identify possible common processes which may 
be responsible for the generation of carbonatite magmas. The data obtained are used to: a), characterise 
the sources of carbonatites; b). evaluate the hypotheses advanced for carbonatite origin; c). investigate 
possible relationships between carbonatite and kimberlite magmas, and; d). assess the importance of 
C02-rich "metasomatic" processes within the mantle.
8.2 Samples
Localities and emplacement ages of the carbonatite samples examined in this study are summarised in 
Fig. 8.1.
8.2.1 African carbonatites
Six African carbonatite localities, ranging in age from mid-Proterozoic to Tertiary, have been 
sampled. The youngest carbonatite locality examined, from the Napak alkaline complex in eastern 
Uganda, consists of both intrusive and extrusive alkaline rocks surrounding a central core of carbonatite 
(Lokupoi carbonatite) which have intruded Precambrian granitic gneiss. The petrology and geochemistry 
of the complex has been investigated by King (1965) and King and Sutherland (1966). The carbonatite 
sample obtained for this study (#6336) consists of a flow-banded fine-grained calcite-carbonatite (alvikite, 
following the terminology of Streckeisen 1979) containing rare phenocrysts of phlogopite, minor rutile 
and magnetite. A mid- to late-Tertiary emplacement age is indicated by lower Miocene mammalian fauna 
in sediments interbedded with the volcanics and from K-Ar studies (Baker et al. 1971). The Sukulu and 
nearby Tororo carbonatites, situated about 150 km south of Napak, are believed to be of similar age. 
Their petrology, geochemistry and field relationships have been summarised by King and Sutherland 
(1966) and Heinrich (1966). The Sukulu sample examined here (#6335) is a melanite-bearing 
calcite-dolomite carbonatite and the Tororo sample (#6330) is a scapolite-bearing alvikite containing 
minor melanite. Details of the geology and geochemistry of the Kangankunde carbonatite, Malawi, can 
be found in Garson (1966). An early Cretaceous K-Ar age of 126 Ma was reported for this carbonatite by 
Snelling (1965). The specimen from the Kangankunde complex used in this study (#3432) is a coarse 
monazite-scapolite dolomite carbonatite (beforsite). The Nachendazwaya carbonatite, located in Tanzania 
near the border with Malawi, is believed to be genetically related to the Ilomba Hill carbonatite complex 
(Gittins 1966), 2 km further south in Malawi, which has been dated by the U-Pb zircon method at 655 
Ma (Snelling et al. 1964). A similar K-Ar age of 680 Ma has been reported for phlogopite from 
metasomatised country rock adjacent to the Nkombwa carbonatite ~75 km to the southwest in Zambia 
(Snelling 1965). The Nachendazwaya carbonatite specimen (#7122) is an apatite-biotite-magnetite sövite 
(coarse-grained calcite carbonatite) having rare phenocrysts of blue-green amphibole and trace amounts of
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Fig. 8.1 Localities and emplacement ages of carbonatite complexes examined in this study.
rutile. The age of the Goudini carbonatite, South Africa, is uncertain, but has been tentatively correlated 
with magmatic activity associated with the Pienaars River Alkaline Complex which dates from 1430 to 
1300 Ma ago (Harmer 1986). Goudini specimen #33174 consists of ocelli of coarse calcite up to several 
millimeters in diameter with radial aggregates of green amphibole (probably riebeckite), scapolite, 
magnetite, nepheline, goethite and opaques in a carbonate matrix and #33176 is a fine-grained 
apatite-bearing calcite-dolomite carbonatite with minor sodic amphibole (riebeckite), albitised plagioclaise, 
white mica (possibly fuchsite) and chlorite. The Zoutpan carbonatite, situated ~30 km north of Pretoria, 
is believed to be younger than Cretaceous (Verwoerd 1966). Zoutpan sample #33182 consists of calcite 
with minor chlorite, haematite, magnetite, quartz and sulphides (possibly chalcopyrite).
8.2.2 Australian carbonatites and kimberlites
The Jurassic Walloway carbonatite occurs as a ~10 km long, 100 to 800 m wide diapir associated 
with a suite of contemporaneous carbonate-rich ultrabasic lamprophyric and kimberlitic intrusions located 
in the Flinders Ranges region of South Australia (Tucker and Collerson 1972, Stracke et al. 1979). The 
mineralogy and chemistry of the Walloway and nearby kimberlitic intrusions at Terowie and Orroroo have 
been described by Ferguson and Sheraton (1979) and Scott-Smith et al. (1984). The Walloway carbonatite 
specimen examined here (#7821-0009) is a coarse-textured calcite carbonatite (sövite) containing minor 
phlogopite (commonly rimmed by sodic amphibole), nepheline, sodic amphibole and opaques. The 
Mudtank carbonatite complex, located on the deep-seated Woolanga Lineament 50 km east-northeast of 
Alice Springs in central Australia, consists of 4 separate lenses of crystalline, micaceous and feldspathic 
carbonate rocks and has been reliably dated by both U-Pb zircon and Rb-Sr whole-rock techniques at 732 
±5 Ma and 735 ±75 Ma respectively (Black and Gulson 1978). Further details of the geology and 
geochemistry can be found in Black and Gulson (1978) and references therein. Mudtank sample 
#7590-2015 is a coarse apatite-bearing dolomite carbonatite (beforsite). The Mt Weld carbonatite, located
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within the Eastern Goldfields province of the Yilgam Block, Western Australia, consists of a -4  km 
diameter circular intrusion which has been dated by both K-Ar and Rb-Sr techniques at -2040 Ma (reported 
in Willett et al. 1986). Its emplacement is believed to be tectonically related to the long-active 
deep-seated Laverton tectonic zone. Two samples of coarse calcite carbonatite (sövite) containing 
phenocrysts of apatite, magnetite and biotite (#MW-1 and #MW-2) were obtained for this study.
The field relationships, petrology and geochemistry of the kimberlitic intrusions of the Jugiong area, 
southeast New South Wales, have been described by Stracke et al. (1979), Ferguson et al. (1979) and 
Ferguson and Sheraton (1979). Although closely resembling kimberlite in their mode of emplacement, 
nodule-type and heavy-mineral contents, the intrusions differ from more typical kimberlite in their higher 
Si02, A120 3 and Na20  and lower MgO and incompatible-element contents, and have chemical affinities 
with olivine nephelinite or melilitite (Ferguson and Sheraton 1979).
8.2.3 Jacupiranga carbonatite
The Jacupiranga alkalic complex is an oval-shaped plug of -65 km area consisting of a central body 
of carbonatite surrounded by jacupirangites, pyroxenites, ijolites and syenites, that have intruded the 
Precambrian schists and granodiorite of southwest Säo Paulo, Brazil. The age of intrusion is well 
constrained by both K-Ar (Amaral 1978) and Rb-Sr (Roden et al. 1985) methods at 131 ±3 Ma, 
contemporaneous with both the flood basaltic volcanism of Parana to the west and the opening of the 
South Atlantic Ocean. Roden et al. (1985) reported a range in initial 87Sr/86Sr and eNd values of 0.7051 
to 0.7053 and +0.1 to +1.6 respectively from the 5 distinct intrusions which comprise the central body of 
the Jacuparinga alkalic complex and attributed the range in initial isotopic compositions to crustal 
contamination. Both Jacupiranga samples examined here (#5961 and #5963) are magnetite- and 
phlogopite- bearing sövites.
8.2.4 Kaiserstuhl and Fen carbonatites
The Kaiserstuhl is situated in the Upper Rhine Graben -15 km from Freiburg im Breisgau, Germany. 
Carbonatitic, phonolitic and other alkalic intrusives form the core of the complex, which is rimmed by 
pyroclastics. Kaiserstuhl carbonatite specimen #K-3 consists of coarse calcite with minor biotite, 
melanite and apatite. K-Ar dating indicates emplacement ages of 16-18 Ma (in Wimmenauer 1966). The 
Fen carbonatite, Norway, has been the subject of extensive study (e.g. Barth and Ramberg 1966, Mitchell 
and Crocket 1970, Griffin and Taylor 1975) and has been dated by several independent techniques at -550 
Ma old. Specimen #NBS-18 consists of carbonate from the Fen carbonatite prepared for use as a 
stable-isotope standard (Friedman et al. 1982).
8.25 Magnet Cove carbonatite
The Magnet Cove carbonatite complex, Arkansas, is a -6  km oval body that has intruded 
Palaeozoic shales and sandstones and consists of ijolite and carbonatite intrusions surrounded by ring 
dykes of phonolite, melteigite, jacupirangite and nepheline syenite (Erickson and Blade 1963). Zartman et 
al. (1967) obtained K-Ar and mica Rb-Sr ages of 97 Ma indicating emplacement of the complex during 
the late Cretaceous. Specimen #MC-1 consists of coarse (-1 cm ) rhombs of transparent calcite.
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83 Analytical procedures
Major-element analyses were obtained by X-ray fluorescence spectrometry on fused glass discs using 
an automated Siemens SRS300 spectrometer in the ANU Department of Geology, following the 
procedure of Norrish and Hutton (1969). Abundances of the trace elements Ni, Cu, Zn, Rb, Sr, Y, Zr, Nb 
and Pb were determined by X-ray fluorescence on pressed powder pellets using a Phillips PW1400 
spectrometer and the method of Norrish and Chappell (1967). The other trace-element abundances were 
obtained on -300 mg of powdered sample by instrumental neutron activation analysis using an internal 
synthetic kimberlite standard included in each batch. All geochemical analyses given here represent 
averages of at least two determinations.
Samples for isotopic analysis were sawn into -3 cm3 cubes, scrubbed thoroughly and then washed in 
an ultrasonic bath in ultrapure H20  and acetone. The cubes were then coarsely crushed in a stainless steel 
percussion mortar and small rock chips with fresh fracture surfaces were hand-picked and used for isotopic 
analysis. About 1-3 g of carbonatite chips were initially treated with 6N HC1 in teflon beakers until all 
carbonate was decomposed, the solution then evaporated and the residue dissolved using a mixture of 
HF-HC104. The resulting solution was then re-dissolved in IN HC1 and split into two aliquots, one of 
which was spiked with mixed 235U-208Pb spike and the other used for Pb isotopic composition. Rb-Sr 
and Sm-Nd concentration and isotopic analyses were undertaken on -70 mg of sample chips using mixed 
85Rb-84Sr and 147Sm-150Nd spikes. Samples were dissolved in HF-HC104 in teflon pressure capsules 
at 200 °C or in teflon beakers for at least 48 hrs. The remaining procedures for Rb-Sr, Sm-Nd and U-Pb 
concentration and isotopic analysis are described more fully in Appendix A l. All Pb isotopic 
composition analyses were performed in duplicate or triplicate and the analytical error, based on two-way 
analysis of variance of replicate analyses, is < ±0.1% at the la  level. The total procedural blanks were -1 
ng for Sr, <1 ng for Nd and <5 ng for Pb and were insignificant for all analyses.
Carbonates for 5 13C and 5 180  analysis were reacted in duplicate with 100% H3P 04 at 25 °C for 1 
day (calcite samples) and 3 days (dolomitic/ankeritic samples) and analysed on a highly-modified MS-12 
triple-collector mass spectrometer (overall precision ±0.1 %6). 8 180  values were calculated using lOOOlna 
values for acid-liberated C 02 of 10.20 for calcite and 11.03 for dolomite/ankerite. 5 13C and 5180  values 
are expressed as per mil differences relative to the PDB and SMOW standards. 5 18Osmow  and 813CpDB 
(%c) values for NBS-18 and NBS-19 standards of +7.20, -5.00 and +28.65, +1.95, respectively, are 
obtained in this laboratory.
C 02 contents (Table 8.1) of calcitic samples were measured by manometry of the C 02 evolved at 25 
°C. After collection of the C 02 evolved at 25 °C from ankeritic samples, the phosphoric acid was boiled 
vigorously for ten minutes and the additional C 02 released measured manometrically to provide a total 
C 0 2 content. Due to the small sample weight (20 mg) and inhomogeneity of the samples, 
reproducibility of the manometric yields is ±3%, and is largely responsible for some of the poorer 
major-element sums (Table 8.1).
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8.4 Results
8.4.1 Major- and trace-element analysis
Geochemical data are tabulated in Table 8.1 and presented diagrammatically in Figures 8.2 to 8.5. In 
Figures 8.2 and 8.4, the concentrations of trace elements have been normalised to estimated primitive 
mantle abundances (from McDonough et al. 1985 and Nelson et al. 1986) and plotted in order of 
increasing compatibility in peridotitic mantle of garnet lherzolite mineralogy. Also shown for 
comparison are trace-element patterns for ocean-island basalts (Chen and Frey 1983, Thompson et al. 
1984, Palacz and Saunders 1986). General features of the geochemistry of carbonatites apparent from 
Table 8.1 and Fig. 8.2 are; a) the typically high abundances of Ba, Th, LREE, Sr, variable abundances of 
Rb, Nb, Ta, P and low Cs, K, Ti and HREE abundances of most examples; b) with the notable 
exception of Goudini and Walloway carbonatites, most examples possess large negative Zr and Hf 
concentration anomalies. These negative Zr and Hf anomalies are generally accompanied by large negative 
U anomalies and (with some exceptions) high Th/U ratios. The South African Goudini and South 
Australian Walloway carbonatites possess higher Si02, Sc, Cr, Sc, Ni, Co, Rb, Zr and Hf than the other 
low-Si02, U- and Zr- anomalous carbonatites.
Rare-earth element concentrations normalised to chondritic values are plotted in Fig. 8.3. The 
rare-earth element patterns for two secondary vein carbonates samples of sedimentary origin are also 
shown for comparison in Fig. 8.3 and also in Fig 8.5. All carbonatites have steep LREE-enriched 
patterns with low HREE abundances. Slight decoupling of the LREE from the HREE is apparent in a 
few of the patterns, especially those of Nachendazwaya, Mudtank and Jacupiranga (#5963) examples for 
which the patterns are steepest between Sm and Tb. The Goudini carbonatite #33176 pattern possesses a 
positive slope between Nd and Eu. Small positive Eu anomalies are evident in the Kaiserstuhl (#K-3) and 
Magnet Cove (#MC-1) carbonatite patterns and in the Terowie kimberlite (#0090) pattem.
Although the Zoutpan sample (#33182) possesses a major element composition similar to that of 
the other carbonatites examined, it has substantially lower abundances of Ba, Th, Sr and the rare-earth 
elements (Table 8.1 and Fig. 8.4). The Zoutpan rare-earth element pattern shows only slight 
LREE-enrichment and a prominent negative Eu anomaly is evident (Fig. 8.5). Compared to the 
Walloway sedimentary carbonate vein analyses given in Table 8.1, the Zoutpan sample has substantially 
higher abundances of Cr, Sc, Ni and Cu, Sr, Zr Nb and the rare-earth elements. Nevertheless, the Zoutpan 
sample lacks many of the trace-element features characteristic of carbonatites and may be of sedimentary 
origin.
8.4.2 Rb-Sr and Sm-Nd isotope analysis
Sr and Nd isotopic analyses for carbonatites are presented in Table 8.2 and are compared with 
available data for carbonatites from other studies and with the fields of modem ocean-island basalts, 
MORB and non-micaceous (Group 1) South African kimberlites on an initial Sr-Nd isotope diagram in 
Fig. 8.6. As most of the carbonatites have very low Rb contents and high abundances of Sr, correction of 
the measured 87Sr/86Sr for 87Rb decay since emplacement is small and insensitive to possible errors in 
the emplacement ages. In order to minimise the possibility of contamination during rock crushing,
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Table 8.1. Major- and trace- element analyses of carbonatites, associated alkaline igneous rocks and 
secondary (sedimentary) carbonate veins.
location
sample
rock-type
main
carbonate
Lokupoi
6336
carbonatite
calcite
Tororo
6330
alvikite
calcite
Sukulu Kangankunde
6335 3432
carbonatite carbonatite
dolomite dolomite
Nachendaz.
7122
sövite
calcite
Goudini
33174
carbonatite
ankeritic
dolomite
Goudini
33176
carbonatite
ankeritic
dolomite
Si09 0.82 1.06 0.02 1.17 1.27 25.12 15.90
Ti°2 0.08 - - - 0.50 4.36 3.49
AI2O3 0.19 0.02 0.01 0.17 0.35 3.23 2.83
Pe2^3 1.99 2.26 1.62 1.73 7.79 14.95 12.93
MnO 0.46 0.55 0.39 0.56 0.29 0.20 0.32
MgO 1.30 1.42 16.90 3.92 3.42 6.49 8.92
CaO 55.40 54.70 36.21 6.83 49.48 15.94 21.24
Na90 0.10 0.09 0.06 0.21 0.13 3.08 3.15
K?0 0.13 0.01 0.01 - 0.02 2.83 0.14
P2°5 0.21 2.37 5.86 3.77 3.60 0.44 0.68
S 0.06 0.11 0.03 0.40 - 0.17 0.03
C ° 2 43.9 39.4 34.8 21.9 36.9 19.1 30.2
SUM 104.64 101.97 95.91 103.75 95.91 99.83
Cr _ _ _ _ 2.7 665 364
Sc 19 0.26 5.7 1.86 5.44 38 19
Ni 2 <1 <1 16 <1 232 425
Co 6 - 3 - 11 30 848
Cu <1 2 <1 148 1 134 82
Zn 20 31 15 159 25 163 137
Cs _ _ _ _ _ _
Ba 2450 2970 56 18900 690 3140 1100
Rb 3 <0.5 <0.5 <0.5 1 26.5 1
Sr 1250 6930 2760 280000 4430 1490 4360
Pb 41 7 <1 99 9 11 37
Y 143 159 23 27 55 46 98
Th 126 35 4.8 164 4.7 57 93
U - - - - 42 1.4 3.6
Zr <1 <1 <1 12930 2 459 715
Hf - 0.16 0.14 1.0 0.36 16.8 25.4
Nb 1030 116 390 123 97 113 91
Ta - - 2.1 - 49.7 5.2 3.8
Mo - - - - 11 18 -
Sb 0.4 0.07 - 0.4 - 5.0 1.7
Au - - - - 0.01 - -
La 1890 446 115 25700 162 174 121
Ce 3370 865 277 23000 365 416 233
Nd 1260 362 138 11000 178 217 118
Sm 205 69 25.7 1030 36.2 42.1 39.8
Eu 49 18.6 6.4 153 9.8 12.6 17.1
Gd 87 43.1 16.7 224 21.3 33 51
Tb 13.6 6.4 2.62 2.91 4.4 6.5
Ho 6.7 7.1 1.33 2.86 2.2 4.6
Yb 13.0 7.5 1.35 3.79 2.7 6.4
Lu 1.63 0.79 0.137 <1 0.373 0.38 0.79
* All Fe calculated as Fe20 3. (-) not detected, (nd) not determined.
Table 8.1 (continued)
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location
sample
rock-type
main
carbonate
Walloway
0009
carbonatite
calcite
Walloway^
0081
carb. kimb. 
calcite
Terowie
0090
kimberlite
Mt Weld 
MW-1 
sövite 
calcite
Mt Weld 
MW-2 
sövite 
calcite
Jacupiranga
5961
carbonatite
calcite
Jacupiranga
5963
carbonatite
calcite
S i09 7.69 21.99 36.39 2.25 2.84 0.24 0.40
Ti° 2 1.64 1.83 4.48 0.04 0.01 0.04 0.01
a i2o ^ 3.02 3.40 6.62 0.12 0.23 0.17 0.05
Fe9Oo 7.49 10.39 14.45 9.20 2.51 2.38 0.98
MnO 0.13 0.22 0.17 0.22 0.16 0.08 0.11
MgO 4.97 22.23 17.16 2.30 2.21 1.95 4.39
CaO 41.88 17.03 2.52 45.86 50.37 52.26 50.64
Na.O 0.12 0.03 0.49 0.47 0.51 0.27 0.21
K90 0.74 0.10 2.02 0.47 0.47 0.05 0.01
P2°5 0.85 1.72 1.26 2.43 4.18 7.16 0.17
S 0.02 - 0.20 0.20 0.26 0.16 0.41
c ° 2 34.5 11.2 nd 32.2 36.4 34.5 41.9
SUM 99.28 95.75 100.15 99.28
Cr 810 1080 _ . - -
Sc 30 23 34 8.1 5.2 10.7 10.4
Ni 155 523 745 <1 3 2 1
Co 28 82 4.6 11 12 27
Cu 28 65 nd nd nd 5 7
Zn 35 100 107 25 20 7 2
Cs 0.31 7.1 0.69 0.4 - _
Ba 2340 3000 3440 800 1100 820 720
Rb 28.5 5 126 28.0 20.5 1.0 <0.5
Sr 980 1700 225 5600 7010 5290 5880
Pb 7 63 106 110 4 4
Y 18 25 21 73 97 34 32
Th 39 54 23.6 60 56 2.3 0.25
U 6.5 3.4 10.5 76 - -
Zr 244 430 330 227 184 <1 5
Hf 7.5 9.7 1.9 2.41 - 0.26
Nb 265 418 220 3140 398 7.5 1.5
Ta 12.8 11.8 66 86 1.7 0.17
Mo - - - 18 - -
Sb 0.6 - 0.12 - - -
Au - - - 0.25 - 0.05
La 203 392 97 256 328 134 90
Ce 351 472 192 577 665 282 188
m 115 74 252 322 136 86
Sm 17.4 12.9 47 66 27.4 17
Eu 4.07 4.07 13.5 18.6 7.0 4.7
Gd 9.5 6.9 29 40 15.7 10.9
Tb 1.26 1.24 4.1 6.7 2.16 1.33
Ho 0.86 0.81 2.9 5.4 1.57 1.36
Yb 1.29 1.64 4.7 6.4 1.68 2.16
Lu 0.16 0.22 0.56 0.67 0.186 0.27
* All Fe calculated as Fc20 3. (-) not detected, (nd) not determined.
 ^Walloway carbonated kimberlite (#0081) analysis from Ferguson and Sheraton (1979).
Table 8.1 (continued)
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location
sample
rock-type
main
carbonate
Mudtank
2015
sövite
dolomite
Kaiserstuhl
K-2
carbonatite
calcite
Kaiserstuhl
K-6
phonolite
Magnet Cove 
MC-1 
sövite 
calcite
Zoutpan
33182
carbonate
calcite
Walloway
0007
carbonate
Walloway
0008
carbonate
Si09 0.85 0.23 6.82 4.95
Ti02 - 0.04 1.25 -
^2^3* 0.25 0.05 1.13 0.17
Fe20 3 7.12 0.08 8.82 2.98
MnO 0.33 0.11 0.91 0.18
MgO 15.02 0.14 3.08 15.73
CaO 33.37 56.38 44.72 34.28
N a ^ 0.03 0.24 0.01 0.01
K90 0.17 0.02 0.13 0.13
P2°5 2.99 0.88 1.08 0.02
S - 0.02 0.11 -
C°2 40.6 nd nd nd
SUM 100.72
Cr 2.4 1.0 0.39 _ 63 1.1 2.5
Sc 15.2 0.066 0.255 0.25 11.5 1.5 5.0
Ni 3 3 <1 <1 28 2 8
Co 18 12 8 0.10 23 3 5
Cu 2 56 7 nd 4 40 6
Zn 28 24 124 5 50 14 31
Cs 0.04 0.91 4.02 _ _ _ _
Ba 310 3360 1860 470 147 35 147
Rb 9.5 12.5 231 <0.5 1 1 2.5
Sr 2690 11580 1930 5290 340 121 124
Pb 3 3 29 70 9 2 <1
Y 18 20 22 25 4 8
Th 2.7 3.80 49.8 1.4 0.62 0.80
U 0.1 1.9 2.2 0.3 4.0 1.32 0.61
Zr <1 <1 755 31 118 6 9
Hf - 0.08 12.6 0.04 3.98 0.07 0.12
Nb 3.0 930 255 6.5 27 <0.5 0.5
Ta - 1.43 6.2 - 3.0 - -
Mo - - - - - 0.5 -
Sb 0.2 0.05 0.55 0.04 0.4 0.10 0.11
Au - - - - - - -
La 113 280 173 120 31.1 3.83 6.90
Ce 248 410 284 125 72.4 8.34 14.9
Nd 112 80 66 29 38.9 4.5 7.9
Sm 19.8 9.2 6.9 5.0 11.9 1.71 2.51
Eu 5.04 2.40 1.76 1.72 1.97 0.340 0.373
Gd 9.6 4.7 5.0 4.0 10.6 1.16 1.56
Tb 1.21 0.75 0.62 0.66 1.64 0.159 0.264
Ho 0.88 0.71 0.65 0.69 4.02 0.278 0.48
Yb 1.09 1.77 2.51 2.1 13.5 0.413 0.76
Lu 0.144 0.191 0.343 0.268 2.12 0.054 0.102
* All Fe calculated as Fe20 3. (-) not detected, (nd) not determined.
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Fig. 8.2 Trace-element abundances normalised to estimated primitive mantle abundances (from 
McDonough et al. 1985 and Nelson et al. 1986) for carbonatites and a phonolite from Kaiserstuhl. Two 
groups are distinguishable; those possessing pronounced negative Zr and Hf anomalies typically 
accompanied by negative U anomalies and a second group (comprising the Walloway and Goudini 
carbonatites) which lack these features and generally possess relatively smooth trace-element patterns but 
with negative K anomalies. The latter group also have higher abundances of S i02 and the transition 
elements. Also shown for comparison is the field of trace-element patterns for some ocean-island basalts 
(from Chen and Frey 1983, Thompson et al. 1984 and Palacz and Saunders 1986). Ocean-island basalt 
patterns also commonly possess negative K anomalies which may be a characteristic of the OIB source.
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F ig . 8.3 Chondrite-normalised rare-earth element patterns for carbonatites and the Kaiserstuhl 
phonolite. Chondritic values are those of Taylor and Gorton (1977). The rare-earth patterns for two 
secondary (sedimentary origin) carbonate veins (from the Walloway region, South Australia) are also 
shown for comparison.
isotopic analysis was undertaken on small hand-picked chips, which are not likely to be geochemically 
representative of the larger hand-specimen. This has resulted in some discrepancies between the 
concentrations of Rb, Sr, Sm, Nd, U and Pb determined by isotope dilution and those determined by 
XRF/INAA. However, there is generally good agreement between the Rb/Sr, Sm/Nd and U/Pb ratios 
determined by these methods.
Sr and Nd isotopic compositions of Tororo, Sukulu, Kaiserstuhl, Fen, Magnet Cove and Jacupiranga 
carbonatites from this study generally agree within analytical error with the results obtained in previous 
studies of these complexes (e.g. Bell and Powell 1970, Mitchell and Crocket 1970, Roden et al. 1985, 
Bell and Blenkinsop 1987b, Tilton et al. 1987). Derry and Jacobsen (1986) reported a wide range of eNd 
values of +3.1 to +7.7 for the intrusive rocks of the Fen Complex, indicating that some carbonatite
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element
Fig. 8.4 Trace-element abundances normalised to estimated primitive mantle abundances (from 
McDonough et al. 1985 and Nelson et al. 1986) for sedimentary carbonate samples from Zoutpan, South 
Africa, and Walloway, South Australia.
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rare-earth elements
Fig. 8.5 Chondrite-normalised (from Taylor and Gorton 1977) rare-earth element abundance patterns for 
carbonates of sedimentary origin from Zoutpan and Walloway.
complexes display considerable isotopic heterogeneity, possibly as a result of late-stage hydrothermal 
processes. Nevertheless, it is apparent from Fig. 8.6 that most carbonatites fall within a restricted range 
of initial 87Sr/86Sr of between 0.7025 to 0.7036 and have initial eN(1 between 0 and +4. The Walloway
Table 8.2 Sr and Nd isotopic results for carbonatites, associated alkaline igneous rocks and the Zoutpan sedimentary carbonate.
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Sample Rb Sr Sm Nä ^ R b /^ S r 87Sr/86Sr 147Sm/144Nd 143Nd/144Nda eNd(0)b eNd
-------- ppm  -------- mcas initial
Australia
Strangways Range, Northern Territory (732 ±5 Ma; Black and Gulson 1978)
2015 Mudtank carb. 9.97 2731 18.23 116.3 0.0105 0.70329±5 0.7032 0.0948 0.5115112 -6.5 +3.2
Walloway/Terowie, South Australia (160 - 180 Ma; Stracke et al., 1979)
0009 carbonatite 2.91 999.4 16.61 126.8 0.0084 0.70547±4 0.7054 0.0792 0.5117512 -1.6 +0.9
0081 carb. kimb. 4.66 1463 17.54 129.2 0.0092 0.70490±4 0.7049 0.0821 0.5117212 -2.3 +0.2
0090 kimberlite 130 461.6 9.54 58.32 0.8170 0.7085c 0.0989 0.5119213 +1.7 +3.8
Mt Weld, Western Australia (2060 Ma; Willett et al., 1986, this study)
MW-1 carbonatite 23.2 6033 40.88 244.5 0.0111 0.70235±5 0.7020 0.1011 0.5105712 -24.8 +0.3
MW-2 carbonatite 18.6 7410 50.61 297.7 0.0072 0.70220±6 0.7020 0.1028 0.5106012 -24.2 +0.4
Magnet Cove, Arkansas (97 Ma; Zartman et al., 1967)
MC-1 carbonatite 5.38 5597 5.35 33.53 0.0028 0.7036014 0.7036 0.0965 0.5119712 +2.6 +3.8
Kaiserstuhl, Germany (16 -18 Ma; Wimmenauer 1966)
K-2 carbonatite 12.6 17989 11.63 108.5 0.0020 0.7036214 0.7036 0.0648 0.5119912 +3.0 +3.2
K-3 carbonatite 10.6 15012 14.07 131.5 0.0020 0.7036814 0.7037 0.0647 0.5120112 +3.4 +3.6
K-l phonolite 157 4281 8.39 87.26 0.1057 0.7040613 0.7040 0.0581 0.5119612 +2.4 +2.7
K-6 phonolite 200 1435 6.75 60.74 0.2995 0.7042313 0.7042 0.0673 0.5119612 +2.3 +2.6
K-5 lava clast 165 991 8.56 49.01 0.4823 0.7043416 0.7042 0.1056 0.5119912 +2.9 +3.2
Fen, Norway (=550 Ma; see Mitchell and Crocket 1970)
NBS-18 carbonatite 0.26 6457 22.82 127.3 0.0001 0.7028916 0.7029 0.1085 0.5116712 -3.3 +3.0
Jacupiranga, Brazil (130 Ma; Amaral 1978, Roden et al., 1985)
5961 carbonatite 1.53 5370 26.30 152.5 0.0008 0.7050716 0.7050 0.1043 0.5117814 -1.1 +0.5
5963 carbonatite 0.27 6161 15.79 88.27 0.0001 0.7052516 0.7052 0.1082 0.5117414 -1.9 -0.4
Uganda (17 - 22 Ma; Baker et al., 1971)
6336 Napakcarb. 0.930 1226 197.2 1453 0.0022 0.7032513 0.7032 0.0821 0.5119712 +2.7 +2.9
(25 - 55 Ma; Baker et al., 1971)
6330 Tororo carb. 0.056 7100 60.31 354.2 - 0.7036013 0.7036 0.1030 0.5118712 +0.7 +1.1
6335 Sukulu carb. 0.063 2783 16.83 101.1 - 0.7031114 0.7031 0.1007 0.5119912 +3.1 +3.5
Kangankunde, Malawi (126+6 Ma; Snclling 1965)
3432 carbonatite 0.013 >20000 720 8620 - 0.7031314 0.7031 0.0505 0.5118713 +0.8 +3.1
Nachcndazwaya, Tanzania (=655 Ma; Snelling et al., 1964)
7122 carbonatite 0.48 3754 24.03 130.0 0.0004 0.7025114 0.7025 0.1118 0.5116012 -4.6 +2.5
Goudini, South Africa (=1.2 Ga; Verwoerd 1966, Harmer 1986, this study)
33174 carbonatite 32.1 1637 34.98 187.4 0.0565 0.7038914 0.7029 0.1129 0.5111612 -13.2 +0.2
33176 carbonatite 1.18 3705 30.32 94.06 0.0009 0.7027214 0.7027 0.1949 0.5118012 -0.6 -0.4
Zoutpan, South Africa
33182 carbonate 0.719 277.1 9.875 36.59 0.7185315 0.1632 0.5111612 -13.2
a Nd isotopic ratios normalised using 146Nd/142Nd = 0.636151. BCR-1 standard measured in this laboratory is 0.511833120. 
NBS-987 87Sr/8bSr is measured at 0.7102214, E & A standard carbonate is 0.7080013. All errors quoted refer to within-run 
precision at the 95% confidence level.
b Epsilon notation calculated using 143Nd/144N d£juj^ = 0.511836,*47Sm/144NdCHU^  = 0.1967. Decay constants used are those 
recommended by Steiger and Jäger (1977) and = 6.54 x 10'^2 yr'^.
Rb-Sr concentration and isotope data from Stracke et al. (1979).
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Fig. 8.6 Initial eNd versus initial 87Sr/86Sr for carbonatites compared to the Fields for MORB, Group 1 
(basaltic) South African kimberlites and alkali basalts from the St Helena isotopic type of ocean islands 
(comprising St Helena, Ascension, Comoros and Austral ocean islands). The carbonatites have been 
separated into four age groups. Mixtures of a component isotopically resembling young carbonatite and 
the depleted MORB mantle reservoir could generate the Sr and Nd isotopic characteristics of some 
ocean-island basalts. Additional data sources; Roden et al. (1985), Barreiro (1983), Smith (1983), Vidal et 
al. (1984), White and Hofmann (1982), O'Nions et al. (1977), Dupre and Allegre (1980), Cohen and 
ONions (1982a, b).
carbonatite and the associated carbonated micaceous kimberlite have initial Nd isotopic compositions 
within this range but have more radiogenic initial 87Sr/86Sr of 0.7049 and 0.7054 respectively.
Although Stracke et al. (1979) obtained a phlogopite- whole-rock two-point Rb-Sr isochron for the
on o r
Terowie kimberlitic intrusion, a sufficiently precise initial Sr/°°Sr could not be determined. The 
Jacupiranga carbonatite also possesses significantly more radiogenic Sr than the other carbonatites despite 
having eNd values (-0.4 and +0.5) which are only slightly lower than the range of isotopic compositions 
of most of the other examples. The younger African (i.e. Sukulu, Tororo, Lokupoi and Kangankunde) 
and Westland carbonatites fall below the mantle array and below the fields of St Helena, Austral, Comoros 
and Ascension ocean-island basalts on the initial Sr-Nd isotope diagram (Fig. 8.6). The older occurrences, 
such as the Proterozoic Mt Weld and Goudini carbonatites, the late Precambrian Mudtank and 
Nachendazwaya carbonatites and the Cambrian Fen carbonatite, have generally less radiogenic initial 
87Sr/86Sr and similar eNd values compared to those of younger carbonatites. Phonolites associated with
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the Kaiserstuhl carbonatite occurrences have eNd within analytical error of the carbonatites but have 
slightly more radiogenic initial 87Sr/86Sr.
The age-corrected eNd and initial 87Sr/86Sr values of ~ -10 and 0.7185 respectively for the Zoutpan 
sample (assuming a Cretaceous emplacement age) are also unlike those of the other examples and 
supports the earlier assertion that this sample is probably a carbonate of sedimentary origin.
As with many ocean-island and continental alkali basalts, the Nd isotopic characteristics of most of 
the carbonatites examined in this study indicate their derivation from sources with time-integrated 
near-chondritic LREE/HREE or slight LREE-depletion, despite the LREE-enrichment evident in the 
magmas themselves. The initial Sr and Nd isotopic characteristics of carbonatites of various ages from 
throughout the world therefore indicate derivation from sources which have had generally similar 
long-term evolutionary histories.
Sr and Nd isotopic data for the Jugiong kimberitic intrusions of southeast New South Wales are 
given in Table 8.3. The results indicate that the intrusions possess 87Sr/86Sr and eNd values (0.7046 to 
0.7056 and ~ 0 respectively) which overlap with those of Group 1 (basaltic) South African kimberlites. 
The Sr and Nd isotopic compositions of the Jugiong intrusions are also generally similar to those of 
some carbonatites (e.g. the Jacupiranga and Walloway carbonatites).
8.4.3 U-Pb isotope analysis
Whole-rock U and Pb concentration and Pb isotopic composition analyses are given in Table 8.4. 
The carbonatites possess an extremely wide range of U and Pb concentrations and U/Pb ratios. 
Corrections to the Pb isotope ratios for post-emplacement radiogenic decay of U and Th are significant for 
Mudtank, Walloway, Nachendazwaya and Goudini samples and the age-corrected Pb isotopic compositions 
will be reliable only if there has been no mobility of U, Th or Pb since their emplacement. Age 
corrections to the remaining examples are relatively small due to either the younger emplacement ages, 
lower U/Pb ratios or a combination of these factors. For example, the Cambrian Fen carbonatite requires 
a correction of -0.33 (or 1.6%) to the 206Pb/204Pb and the correction to 207Pb/204Pb is within the 
analytical uncertainty. Due to possible error in the Th/Pb correction assumptions (age corrections have 
been applied using thorium abundances calculated from the INAA-determined Th/U ratio and the isotope 
dilution uranium abundances), a much larger uncertainty applies to the calculated initial 208Pb/204Pb 
ratios. Despite the wide variation in U/Pb, most of the carbonatites have radiogenic Pb isotopic 
compositions (Fig. 8.7) and plot along the Pb-Pb array determined for mid-ocean ridge and ocean-island 
basalts. Kaiserstuhl samples overlap the field of the Society group of ocean islands, whereas the younger 
African carbonatites have considerably more radiogenic Pb which extends beyond the St Helena field. 
Similar radiogenic Pb compositions were found in Ugandan carbonatites (including samples from Napak, 
Sukulu and Tororo) by Lancelot and Allegre (1974). Radiogenic initial Pb compositions have also been 
reported by Grünenfelder et al. (1986) for the Cretaceous Oka carbonatite from Quebec and by Williams et 
al. (1986) for the Oldoinyo Lengai carbonatite. The Cambrian Fen carbonatite has an initial Pb isotopic 
composition similar to that of some Ugandan carbonatites.
The Jacupiranga carbonatite is exceptional in having unradiogenic initial Pb and lies to the 
unradiogenic side of the modem geochron, although it still plots along an extension of the Pb-Pb array of
Table 8.3 Strontium and neodymium isotopic analyses of Jugiong kimberlitic intrusions.
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Rb Sr Sm Nd
- —PPm-—
87Rb/86Sr 87Sr/86Sra 147
meas initial
Sm/144Nd 143Nd/144Ndb eNd
Intrusion 1, kimberlite
0041 26.2 794 8.02 43.68 0.0950 0.70501±5 0.7050 0.111 0.51183 ±2 -0.1
Intrusion 2, kimberlite lapillus 
0047 48.7 1289 0.1089 0.70465±8 0.7046
Intrusion 4, kimberlite autolith 
0067A 45.5 779 7.73 41.20 0.1687 0.70560±5 0.7056 0.113 0.51184 ±3 +0.0
Intrusion 4, kimberlite autolith 
0067B 49.6 944 7.09 38.56 0.1517 0.70561±8 0.7056 0.111 0.51184 ±2 +0.1
a Errors refer to within run precision at the 2amean level. Uncertainty in 87Rb/86Sr is 0.5% (2a). Sr 
isotope ratios normalised using 86Sr/88Sr = 0.1194. Initial Sr isotopic composition calculated using 
an emplacement age of 11 Ma (from Stracke et al. 1979). NBS-987 standard value is 0.71022 ±4, E & 
A standard carbonate gives 0.70800 ±3.
b Error in 147Sm/144Nd is 0.1% (2a). Nd isotopic ratios normalised using 146Nd/142Nd = 0.636151. 
Age corrections to Nd isotopic compositions are within the analytical error. The value obtained for 
BCR-1 standard is 0.511833 ±20. eNd = (143Nd/144Ndmcas/ 143Nd/144NdCHUR -1) xlO4 where 
143Nd/144NdCHUR = 0.511836.
modem oceanic basalts. Roden et al. (1985) demonstrated that the Jacupiranga carbonatite is isotopically 
heterogeneous, with later intrusions possessing slightly more radiogenic initial Sr isotopic compositions, 
and argued that the Sr and Nd isotopic composition of the Jacupiranga carbonatite has been modified by 
crustal assimilation. If the Pb isotopic composition of the Jacupiranga intrusion has also been modified 
by crustal assimilation, its unradiogenic Pb isotopic compositions suggest that this assimilation probably 
occurred within the lower crust, as the lower crust is generally believed to be depleted in U and to possess 
unradiogenic Pb. The stable-isotope characteristics of the Jacupiranga carbonatite (see below) have 
apparently not been affected by assimilation of the extensive amounts of crustal material required to 
modify the Sr isotopic composition.
The large difference in both the Sm/Nd and U/Pb ratios of the two Goudini samples enables 
determination of the age of emplacement. Regression of the Goudini analyses gives an Sm-Nd age of 
1190 ±80 Ma and a similar but imprecise Pb-Pb age of 1110 ±300 Ma ( la  errors given on ages). These 
emplacement ages are similar to those determined for a variety of alkaline rocks and kimberlites from the 
region (Harmer 1986). The two Mt Weld Pb analyses yield a Pb-Pb age of 2090 ±10 Ma, within error of 
the K-Ar age of 2064 ±40 Ma but statistically significantly older than the Rb-Sr age of 2020 ±17 Ma 
(Willett et al. 1986).
The Zoutpan carbonate sample #33182, although of probable sedimentary origin, also possesses high 
U abundance, high (i and radiogenic measured Pb isotopic compositions (Table 8.4). The Walloway 
limestones also have generally high inferred 11 values. This observation suggests that uranium is 
preferentially enriched relative to Pb in sedimentary carbonates, either during deposition or by post-
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Table 8.4 Lead, oxygen and carbon isotopic analyses of carbonatites, some associated alkaline igneous 
rocks and the Zoutpan sedimentary carbonate.
Sample U Pb 2 3 8
-p p m -
U/204Pt> 206Pb/ 
meas
f204pjJa
initial
207Pb/204Pb
meas initial
208Pb/204Pb 5 1 8 o  8 13C
meas in itia l SMOW PDB
Australia
Strangways Range, Northern Territory 
2015 Mudtank carb. 0.391 3.12 9.20 18.538 17.38 15.589 15.52 38.840 - +7.5 -3.6
Walloway/Terowie, South Australia
0009 carbonatite 7.08 5.81 98.4 21.743 19.11 15.784 15.65 42.814 - +8.3 -1.8
0081 carb. kimb. 7.71
0090 kimberlite 4.42 12.17 27.5 19.547 18.84 15.642 15.61 40.008 -
+12.2 -6.5
Mt Weld, Western Australia
MW-1 carbonatite - 24.5 - 50.476 - 19.484 - 264.72 - +8.9 -5.6
MW-2 carbonatite - 25.6 - 244.09 - 44.56 - 71.20 - +7.2 -5.4
Magnet Cove, Arkansas
MC-1 carbonatite -  0.815 - 18.95 15.50 38.58 +7.5 -5.4
Kaiserstuhl, Germany
K-2 carbonatite 2.38 3.73 47.7 19.357 19.23 15.604 15.60 39.288 39.1 +7.8 -6.5
K-3 carbonatite 5.70 3.57 ]119
19.334
19.487
19.21
19.17
15.626
15.601
15.62
15.59
39.351 39.2 
39.263 39.3 +7.8 -6.6
K-l phonolite 19.07 35.05 40.9 19.490 19.38 15.673 15.67 39.493 39.4 - -
K-6 phonolite 2.52 30.43 6.19 19.197 19.18 15.673 15.67 39.468 39.4 - -
K-5 lava clast 2.26 3.91 43.3 19.573 19.46 15.646 15.64 39.357 39.2 - -
Fen, Norway
NBS-18 carbonatite 0.282 5.84 3.73 20.442 20.11 15.701 15.68 40.696 - +7.2 -5.0
Jacupiranga, Brazil
5961 carbonatite 0.013 4.58 0.20 17.273 17.27 15.457 15.45 37.970 37.9 +7.1 -6.1
5963 carbonatite 0.237 9.13 1.84 17.140 17.10 15.445 15.44 37.800 37.7 +7.3 -5.6
Uganda
6336 Napak carb. 0.566 40.52 1.08 20.719 20.71 15.780 15.78 40.379 40.1 +12.4 -2.0
6330 Tororo carb. 0.350 6.34 4.33 21.068 21.04 15.865 15.86 41.112 40.5 +11.1 -2.1
6335 Sukulu carb. 0.027 1.06 1.97 21.154 21.14 15.781 15.78 40.646 40.6 +7.3 -2.9
Kangankunde, Malawi
3432 carbonatite 0.077 89.3 0.065 20.115 20.11 15.772 15.77 39.660 - +5.5 -3.0
Nachendazwaya, Tanzania
7122 carbonatite 4.11 6.82 63.6 48.804 42.00 17.847 17.43 38.545 - +9.6 -4.2
Goudini, South Africa
33174 carbonatite 2.29 12.28 17.9 22.005 18.17 15.856 15.54 57.940 - +17.4 -0.5
33176 carbonatite 2.03 36.7 4.43 18.409 17.46 15.580 15.50 45.681 - +13.8 -2.4
Zoutpan, South Africa
33182 carbonate 2.87 6.80 42.1 29.125 16.722 53.665 +12.9 -1.8
a Analyses of NBS-981 common-Pb standard gave 206Pb/204Pb =16.927 ±0.009, 207Pb/204Pb =15.486 
±0.013, 208Pb/204Pb = 36.668 ±0.044 ( la  errors).
b Corrections to 208Pb/204Pb made using Th/U ratio determined by INAA.
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carbonatites compared to the fields for MORB, and the St Helena isotopic type of ocean islands (individual 
data-points, taken from the literature, are shown). Some of the samples in Table 8.4 require relatively 
large age corrections, so only samples for which initial Pb compositions can be confidently determined are 
shown. In general, carbonatites have Pb isotopic compositions which fall along the array defined by 
oceanic (mid-ocean ridge and ocean-island) basalts. Data sources as in Fig. 8.4 and Lancelot and Allfcgre 
(1974), Sun (1980), Grünenfelder et al. (1986), Williams et al. (1986) and Tilton et al. (1987).
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depositional processes.
8.4.4 O and C isotope analysis
180 /160  and 13C/12C results are given in Table 8.4 and shown graphically in Fig. 8.8. The carbon 
and oxygen isotopic compositions of Kaiserstuhl, Tororo and Sukulu carbonatites from this study fall 
within the ranges determined for these localities by previous studies (Gonfiantini and Tongiorgi 1964, 
Deines and Gold 1973; see Fig. 8.8). The results of Pineau et al. (1973) and this study indicate similar 
carbon but slightly heavier oxygen isotopic compositions for the Lokupoi carbonatite compared to those 
of the other Ugandan carbonatites. The Cretaceous Kangankunde carbonatite has a carbon isotopic 
composition within the range of 8 13C obtained by Suwa et al. (1975) (averaging -3.4 %c using only 
those samples with 8 180  between +6 and +8 %6) for the Mbeya carbonatite of similar age (Snelling
1965) located near the southwest border of Tanzania, whereas the late Precambrian Nachendazwaya 
example, situated near the Mbeya carbonatite, has slightly lighter carbon. These results support the 
assertion of Deines and Gold (1973) of regional variation in the carbon isotopic compositions of 
carbonatites from East Africa, with the inter-rift region surrounding Lakes Victoria, Malawi and Chilwa 
(where Tororo, Sukulu, Lokupoi, Kangankunde and Nachendazwaya carbonatites are located) characterised 
by higher 1JC contents (between -2.4 and -4.4 %c) compared to their results for carbonatites located 
within the East and West African Rifts (-5.8 to -7.9 %6).
The Goudini complex consists predominantly of ejected tuffaceous material and breccia (Verwoerd
1966) . Deines and Gold (1973) have observed that volcanically emplaced carbonatites generally display 
greater carbon and (especially) oxygen isotopic variability than plutonic carbonatites and attributed this to 
the greater opportunities available for isotopic exchange during emplacement of the volcanic carbonatites. 
The heavy carbon and oxygen compositions of the Goudini samples compared with results obtained from 
other localities probably reflect greater loss of isotopically light carbon and oxygen during their 
emplacement and substantial post-emplacement isotopic exchange of these samples with their 
surroundings.
Carbon- and oxygen- isotope analyses for the Mudtank carbonatite from this study are significantly 
heavier than those reported by Wilson (1979). Correction of Wilson's (1979) results to account for recent 
re-calibration of the C.S.I.R.O. internal standard (for 8 13CpDB, from -12.8 to -13.3 %c and for 
S 18OpDB> fr°m -5.6 to -5.3 %6) indicates 8 13CpDB and $ 18Osmow  values of -4.8 and +7.2 %o 
respectively, compared to our results of -3.6 and +7.5. The slight discrepancy between these two data sets 
may reflect some carbon- and oxygen- isotope heterogeneity in this intrusion.
Many of our carbonatite samples have oxygen- isotope compositions outside the range of +6 to +8 
%o vs SMOW, considered by Deines and Gold (1973) to represent the range of values expected for primary
•I o
carbonatites. However, there is compelling evidence from the large amount of C data on carbonatites 
for the existence of considerable isotopic heterogeneity which is difficult to attribute entirely to secondary 
processes. Although the regional C compositions displayed by the African rift carbonatites noted by 
Deines and Gold (1973) may be due to subtle regional differences, either in the style of emplacement or in 
the basement rocks through which the carbonatites intrude, these differences may also indicate that the 
sources of carbonatites are isotopically heterogeneous. If this is the case for 13C, it is probable also for
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Fig. 8.8 Oxygen- and carbon- isotope compositions of carbonatites compared to the inferred mantle field 
(determined from isotopic studies of MORB, from Des Marais and Moore, 1984 and Kyser et al. 1982) 
and to the field of sedimentary carbonate. Additional data from Deines and Gold (1973) and Blattner and 
Cooper (1974). The isotopically heavy oxygen and carbon of the volcanically-emplaced Goudini 
carbonatite may result from greater degree of isotopic exchange during its emplacement compared to 
intrusively-emplaced carbonatites. The trend toward isotopically heavier carbon and oxygen compared to 
inferred mantle compositions may be attributable to crustal interaction during emplacement, Rayleigh 
fractionation processes (i.e. preferential loss of the lighter isotopes in volatile phases) or may reflect 
differences within the source regions of carbonatites.
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O. Distinguishing between the effects of primary and secondary variation in oxygen (and to a lesser
extent, carbon) isotopic compositions is, however, likely to prove difficult even with detailed sampling of
each locality.
A recent study of carbon isotopic compositions in mid-ocean ridge basalts by Des Marais and Moore
(1984) has also found 5 1 *3C values between -5 and -7 %o. Kyser et al. (1982) reported a range of S180
for mantle-derived basic lavas between +4.9 to +8.3 %o, with most mid-ocean ridge and alkali basalts
having values between +5.0 and +6.2 %o. If these compositions are typical of mantle values, they
indicate that most carbonatites have similar or slightly higher 5 13C and 5 180  values compared to mantle
values. Two exceptions, both of which have considerably lighter S13C values, are the modem Oldoinyo
Lengai carbonatite volcano (Suwa et al. 1975), whose lavas are deliquescent and readily exchange carbon
and oxygen with the atmosphere, and the recently discovered carbonatites from the Murun alkalic block,
Aldan (Plyusnin et al. 1984).
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$.5 Discussion
85.1 Geochemical characteristics o f carbonatites and associated magmatism
Although magmas parental to carbonatites are probably generated by extremely low degrees of partial 
melting of a peridotitic or eclogitic source and are therefore likely to have high abundances of 
incompatible trace elements, the trace-element characteristics of carbonatites are anticipated to be strongly 
influenced by the operation of complex secondary processes such as extensive differentiation, liquid 
immiscibility or volatile transport. The pronounced negative anomalies of U, Zr, Hf, Nb, Ta and Ti 
displayed by the carbonatites in Fig. 8.2 may be attributed entirely to late-stage fractional crystallisation 
processes, including removal of sphene, apatite, perovskite, monazite or zircon. However, abundances of 
Ba, P and Sr are in most cases not anomalous compared with the degree of enrichment displayed by the 
light and middle REE which have similar incompatibility. Apart from negative anomalies for K, the 
Goudini and Walloway carbonatites have relatively smooth trace-element abundance patterns (Fig. 8.2) 
suggesting that they have not undergone extensive modification by secondary processes. Negative K 
anomalies are also common in the trace-element patterns of ocean-island basalts (see Fig. 8.2) and may be 
characteristic of ocean-island sources. The Goudini and Walloway carbonatites have similar HREE 
abundances but have significantly higher Si02, Cr, Sc, Ni and Co concentrations compared to the other 
examples, consistent with the suggestion that they have undergone substantially less differentiation.
As the Nd isotopic compositions of carbonatites indicate that they are derived from sources having 
time-integrated near-chondritic LREE/HREE or slight LREE-depletions, generation of the extreme 
LREE/HREE of carbonatites requires either an unusual source mineralogy, specialised conditions during 
melt generation and extraction processes or the operation of suitable secondary differentiation processes. 
Wendlandt and Harrison (1979) demonstrated that the HREE are preferentially partitioned into the 
carbonate melt during carbonate/silicate immiscibility. Carbonatites typically have low abundances of the 
HREE, suggesting that immiscibility processes are not responsible for the REE fractionation. These 
authors have also shown that the LREE are fractionated into any C 02-vapour phase present relative to 
silicate or carbonate melts, especially at low pressures. Transport of the LREE in a vapour phase may 
therefore contribute to the extreme LREE-enrichment of carbonatites. However, many carbonatites 
possess enrichments in the elements Ba, Sr and P similar to that of the REE (evident from the relatively 
flat normalised patterns of these elements in Fig. 8.2). This is unlikely to be due to melt/vapour 
enrichment processes but instead, suggests that the enrichment is due to partial melting processes. 
Modelling of La/Yb ratios indicates that modal, non-modal or fractional partial melting of garnet 
lherzolite or eclogite like those found as xenoliths in kimberlite pipes is incapable of producing the 
extreme La/Yb ratios found in some kimberlites and carbonatites (Fig. 8.9; see Appendix A2.4 for a 
listing of the computer program used). McKenzie (1985) has suggested that because of the extremely low 
viscosity of carbonate melts, segregation of very small melt fractions (as low as 0.1%) on geologically 
reasonable timescales may be possible. Extreme fractionation of La from Yb can occur in low melt 
fractions (<~1%) generated from eclogitic sources with relatively high modal abundances of garnet (i.e. 
Gnt8Q:Cpx20, see Fig. 8.9). Under these circumstances, the extreme LREE-enrichment and low HREE 
abundances of carbonatites may be a primary magmatic feature and may not require the operation of
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proportions of garnet to clinopyroxene. The melting equations of Shaw (1970) and distribution 
co-efficients of Wood (1979) have been used. Non-modal or continuous fractional melting produce similar 
curves to those of modal melting for the conditions examined. Carbonatites and kimberlites typically 
have La/Yb ratios between 50 to 150.
secondary processes. This general conclusion is probably still valid for melts generated at high pressures 
even though it is possible that distribution co-efficients determined from rocks of low-pressure origin are 
not applicable at very high pressures or for highly volatile-rich melts. At depths greater than -350 km, 
subducted basaltic oceanic crust is believed to transform to garnet-rich eclogitic assemblages (Ringwood 
1982) and may therefore provide a suitable source material for carbonatite and kimberlite generation.
Small Ce- and Eu-anomalies have been observed in the rare-earth patterns of some carbonatites (e.g. 
Wimmenauer 1966, Loubet et al. 1972, Eby 1975, Möller et al. 1980). Eby (1975) demonstrated that 
many different mineral phases of the Oka carbonatite possess positive or negative Eu anomalies even 
though the whole rocks from which these phases were separated lack Eu anomalies. Both the Eu and Ce 
anomalies are therefore probably strongly influenced by competition for the REE between minerals and/or 
a volatile phase during late-stage crystallisation. Loubet et al. (1972) found a correlation between the 
magnitude of the negative Ce anomaly and 5180  in Ugandan carbonatites and attributed this to increasing 
oxidation during carbonatite differentiation. This correlation might also be caused by melt/C02-rich 
vapour fractionation or by secondary alteration processes. The slight decoupling of LREE and HREE 
apparent in rare-earth element patterns of some differentiated carbonatites might reflect preferential 
substitution of the LREE and HREE into different mineral lattice sites during crystallisation (for example, 
the LREE in calcite Ca lattice sites or in monazite etc. and the HREE in zircon or in dolomite Mg and Fe 
sites) or may be due to vapour/melt fractionation processes.
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8.5.2 Isotopic characteristics of carbonatites and associated magmatism
From the results of this and earlier studies, it is apparent that carbonatites comprise an isotopically 
relatively homogeneous group of magmas possessing a restricted range of radiogenic and (when the effects 
of secondary alteration processes are taken into account) stable-isotope characteristics. Most young 
carbonatites have initial 87Sr/86Sr -0.703. Similar initial 87Sr/86Sr ratios have been reported by Bell 
and Powell (1970) and Bell et al. (1982) for Cambrian and mid- to late- Proterozoic examples from 
Ontario, Canada. However, a few carbonatites, such as the Na-rich carbonatite from the active Oldoinyo 
Lengai volcano in Tanzania (Bell et al. 1973) and carbonatites from India and Pakistan (Deans and Powell 
1968) have considerably more radiogenic initial 87Sr/86Sr ratios. The Oldoinyo Lengai carbonatite has 
Nd (eNd of -0; DePaolo 1978, Bell and Blenkinsop 1987b) and Pb isotopic compositions (206Pb/204Pb 
of 19.19, 207Pb/204Pb of 15.55 and 208Pb/204Pb of 39.14, given in Williams et al. 1986) similar to 
those of other carbonatites, although a wide range of 87Sr/86Sr ratios have been reported (Powell 1966, 
Bell et al. 1973, DePaolo 1978, Bell and Blenkinsop 1987b). Powell (1965) noted that vein carbonatites 
commonly possess more radiogenic Sr isotopic compositions than central intrusive complex examples. 
Because of their extreme concentrations of Sr, Powell (1965) argued against crustal contamination, but 
instead proposed that vein carbonatites were genetically unrelated to central intrusive complex 
carbonatites. The Walloway carbonatite is a vein carbonatite and although it possesses significantly more 
radiogenic Sr than the central intrusive complex carbonatites examined in this study, it has similar Nd and 
Pb isotopic compositions, suggesting that a genetic relationship does exist in this case. Involvement of 
late-stage fluids during emplacement of the Walloway carbonatite, suggested by petrographic features such 
as the rimming of mica phenocrysts by sodic amphibole, may have resulted in isotopic exchange of Sr 
with the country rock and may account for the more radiogenic Sr of this intrusion.
All Nd isotopic compositions so far reported for mid-Proterozoic to Recent carbonatites indicate 
time-integrated near-chondritic or depleted LREE/HREE histories, with most having eNd values between 0 
and +5. For example, Bell and Blenkinsop (1987a) reported initial eNd values between 0 to +5 for twelve 
Canadian carbonatites ranging in age from 1900 to 110 Ma. Similar eNd values to those reported by Bell 
and Blenkinsop (1987a) were presented by Kwon and Tilton (1986) for the early Proterozoic Cargill and 
Borden carbonatites from Ontario. Basu and Tatsumoto (1980) measured eNd values of +3.3 and +5.3 
(after correction for instrumental bias) for the Paleozoic McClure Mountains and Mesozoic Magnet Cove 
carbonatites respectively, whereas Sun et al. (1986) found an initial 87Sr/86Sr of 0.703 and eNd of +2.0 
±0.4 for the late Proterozoic Cummins Range carbonatite of Western Australia. Midende et al. (1986) 
have reported similar initial 87Sr/86Sr and eNd values for 3 carbonatites, of late Precambrian to 
Cretaceous age, from the western branch of the African rift. Cohen et al. (1984) also found similar 
isotopic characteristics (87Sr/86Sr of 0.7035, eNd o f +1.8, 206Pb/204Pb of 20.60, 207Pb/204Pb of 
15.77 and 208Pb/204Pb of 40.30) in an ankaramite from the Recent-age Lashaine carbonatite vent, 
Tanzania. An initial eNd of between -0  has also been determined for the late Archaean Siilinjarvi 
carbonatite, eastern Finland (A.R. Basu, personal communication). Furthermore, initial eNd values of -  
+3.5 and Sr/ Sr of 0.7046 have been measured in alnoites from Malaita in the Solomon Islands (Basu 
and Tatsumoto 1980, Bielski-Zyskind et al. 1984). The Malaita alnöite was suggested by Allen and 
Deans (1965) to be genetically related to carbonatite, a suggestion later supported by Nixon et al. (1980).
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However, the early Proterozoic Phalaborwa Complex, South Africa, is exceptional in having highly 
negative initial eNd (Allsopp and Eriksson 1986). The Phalaborwa complex consists of a carbonatite core 
and closely associated alkali-rich dykes emplaced during many intrusive events and possesses considerable 
Sr and Nd isotopic diversity which is believed to be a primary feature of the magmatism (Allsopp and 
Eriksson 1986).
Bell and Blenkinsop (1986, 1987a) suggested that a correlation exists between the ages of Canadian 
carbonatites and their initial Sr and Nd isotopic compositions and argued that most Canadian carbonatites 
were derived from a common trace-element-depleted mantle source which had remained coupled to the 
Canadian Shield. However, this correlation is not confined only to carbonatites found within the 
Canadian shield but (when allowance is made for the influence of crustal contamination) is a global 
phenomenon (Fig. 8.10) and therefore does not provide support for a subcontinental lithospheric origin for 
carbonatites. Furthermore, this correlation does not necessarily require all carbonatites to be derived from 
a single common reservoir. As the correlation holds for carbonatites from a number of separate 
continents, it probably reflects ageing, at a similar rate, of a number of spatially discontinuous but 
isotopically similar reservoirs within the Earth. Moreover, the correlation strongly suggests that similar 
processes have been responsible for generating the sources of carbonatites worldwide. Barreiro (1983) 
proposed a two-stage mechanism involving freezing at depth and later re-activation of a carbonate-rich 
melt originally derived from depleted mantle to produce the Westland dyke swarm, New Zealand. 
However, as the Nd isotopic compositions of carbonatites produced by this mechanism are a function of 
the time elapsed between crystallisation and re-activation, the Nd isotopic consistency which is observed 
in carbonatites worldwide argues against the operation of this mechanism.
The possible role of C 02 in the generation of highly alkaline continental magmatism is suggested 
by the close association between carbonatitic, nephelinitic and phonolitic magmatism in many alkaline 
complexes. Phonolites associated with the Kaiserstuhl carbonatite occurrences have eNd values within 
analytical error of the carbonatites but have slightly higher initial 87Sr/86Sr. Other studies (for example, 
Mitchell and Crocket 1970, Bell and Powell 1970, Bell et al. 1973, Barreiro 1983, Allsopp and Eriksson 
1986) have also found a considerable range of Sr isotopic compositions for alkaline (potassic and 
nephelinitic) and carbonatite magmas from the same intrusive complex, with the alkaline silicate magmas 
commonly (but not universally) possessing the more radiogenic initial Sr isotopic compositions. In 
some cases, this isotopic variation may result from interaction of the alkaline silicate magmas with the 
wall rocks, as these magmas have considerably lower Sr contents compared to carbonatite magmas and are 
therefore more sensitive to contamination processes. Although carbonatites may have differentiated from 
an alkaline silicate parent, the lower °'Sr/°°Sr of some carbonatites compared to the alkaline silicate 
magmas with which they are associated rules out the possibility that the carbonatite differentiated within a 
closed system from the alkaline silicate magmas in these complexes. Instead, the Sr isotopic variability 
suggests that in these complexes, the associated silicic magmas may not be directly genetically related to 
the carbonatites, but may have been generated during the passage of a C 02-rich magma through the upper 
mantle and crust, as this is likely to induce melting in the surrounding mantle and crust wall-rocks.
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Fig 8.10 a). Initial Sr, and b). Initial Nd isotopic composition versus age of emplacement for 
carbonatites from throughout the world. When the possible effects of crustal contamination are 
considered, there is a general trend to higher initial 87Sr/86Sr and eNd for younger carbonatites. 
Analytical error limits are shown; no account has been made for error in the age determinations. 
Although this trend is relatively well-defined for the well-characterised Canadian carbonatites (see Bell and 
Blenkinsop 1987a), it is not confined to any one continent but is a global feature. Additional data 
sources; Bell and Powell (1970), Welke et al. (1974), Black and Gulson (1978), Stracke et al. (1979), 
Basu and Tatsumoto (1980), Barreiro (1983), Neilsen and Buchardt (1985), Grünenfelder et al. (1986), Bell 
and Blenkinsop (1987a, b).
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8.5.3 Possible relationships between carbonatites, kimberlites and ocean islands
The similar Sr, Nd and Pb isotopic characteristics of most carbonatites and some ocean-island basalts 
suggest a common origin for these otherwise apparently unrelated magma groups. As carbonatites have 
extreme abundances of incompatible elements, it is conceivable that the basalts of some ocean islands 
represent mixtures between a carbonatitic component and (for example) a component derived from a 
depleted mantle reservoir. On the initial Sr-Nd isotope diagram (Fig. 8.6), many young carbonatites lie 
below the mantle array with the fields for many ocean-island basalts positioned between the field of young 
carbonatites and that of mid-ocean ridge basalts, consistent with this suggestion. The same applies for the 
Pb isotope characteristics (Fig. 8.7); many young carbonatites possess initial Pb isotopic compositions 
which lie along the array of ocean-island basalts. The isotopic similarities between ocean-island basalts 
and carbonatites raises the possibility that the sources of some ocean-island basalts consist of 
trace-element-depleted mantle, such as that from which mid-ocean ridge basalts are derived, which has been 
re-fertilised by incompatible-element-rich, low-viscosity carbonate melts. Alternatively, the isotopic 
similarities may indicate that carbonatites and ocean-island basalts are derived from sources which have had 
similar long-term isotopic histories but with the obvious chemical differences controlled by differences in 
other variables, such as degree of partial melting, depth of generation or C 02 content in the sources. 
Although melts generated from peridotite following addition of a component with trace-element 
characteristics like that of carbonatite would be expected to inherit the large anomalies evident in the 
trace-element patterns of some carbonatites, as discussed earlier, these anomalies are probably due to 
high-level, late-stage differentiation processes. If carbonatitic magmas have relatively smooth normalised 
trace-element patterns prior to the extensive operation of differentiation processes (as is suggested by the 
trace-element patterns of the Walloway and Goudini carbonatites), evidence of fertilisation of the sources 
of ocean-island alkali basalts by these carbonatitic components would not be readily detectable. Such 
trace-element fertilisation of the source regions of alkali basalts alleviates the need for the low degrees of 
partial melting which the high abundances of incompatible trace elements of alkali basalts were thought 
to require.
If C 02-rich components are involved in the generation of the alkali basalts of ocean islands, it might 
be anticipated that carbonatites would be common on ocean islands. As pointed out by Silva et al. (1981) 
and Le Bas (1984), when only plutonic rocks are considered, rocks belonging to the carbonatite-ijolite 
association are volumetrically relatively abundant on ocean islands. Moreover, the plutonic basement 
rocks of ocean islands are rarely exposed unless the island is subjected to uplift and extensive erosion, as 
in the case of the Cape Verde Islands. In addition, C 02-rich magmas intruding continental regions must 
pass through a considerable thickness of crust, during which the magma can unmix into carbonate and 
silicic components. By contrast, introduction of a C 02-rich component to mantle peridotite in the hotter 
oceanic environment (and probably also in regions of thin, young continental crust) is likely to cause 
large-scale melting at shallow depths. Under these conditions, segregation of carbonatitic magma may be 
more difficult and alkali basaltic volcanism would be expected to predominate. Furthermore, experimental 
studies (cf. Wendlandt 1984 and references therein) have shown that the major-element characteristics of 
any partial melt generated from carbonated peridotite depends strongly on the solubility of C 02 in the 
melt which in turn varies with depth of melt generation. At pressures less than ~25 kbar, the solubility
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of CC> 2  in the melt is generally low and the melt becomes progressively less silica-undersaturated with 
decreasing pressure (Wyllie and Huang 1975). Partial melting of carbonated pcridotite at depths less than 
~70 km may produce a melt resembling the alkali basalts of some ocean islands. At pressures 
approaching 25 kbar, the melts may resemble kimberlite magmas. At pressures greater than 25 kbar, 
partial melting of peridotite in the presence of C 02 will produce carbonate-rich magmas (Wyllie and 
Huang 1975, Holloway et al. 1977). Depth of magma generation therefore strongly influences the 
major-element chemistry of magmas derived from peridotite in the presence of C 02. As the depth of 
magma generation is likely to be influenced by both geothermal gradient and crustal thickness, kimberlitic 
and carbonatitic rocks are likely to be more common in stabilised, thickened cratons and might be 
expected to be less common in the oceanic environment. It is noteworthy that the oceanic island of 
Malaita, Solomon Islands, from which alnöites have been reported (Nixon and Boyd 1979), lies along the 
southern margin of the Ontong Java Plateau, which consists of thickened (up to 40 km) crust (Kroenke 
1972).
The importance of C 02 in the generation of kimberlites is well established (e.g. Spera and Bergman 
1980). For example, Bailey (1984) demonstrated a correlation between CaO and C 02 in kimberlites and 
suggested that a CaC03 component is involved in their generation. The "alleged" close association 
between kimberlitic and carbonatitic magmatism is controversial (see Gaspar and Wyllie 1984) but the 
recent recognition of two genetically distinct groups of kimberlites (Smith 1983) may help to clarify 
possible relationships between kimberlites and carbonatites. South African Group 1 (non-micaceous) 
kimberlites have Sr, Nd, Pb and 8 13C isotopic compositions closely resembling those of carbonatites. 
Smith (1983) has also noted the isotopic similarities between Group 1 kimberlites and ocean islands. A 
close spatial and temporal relationship exists between kimberlitic and carbonatitic rocks at both the 
Walloway/Terowie region, South Australia and in Pretoria, South Africa. Although many of the 
kimberlitic intrusives at Walloway are evolved and contain generally lower trace-element contents than 
typical kimberlite (Ferguson and Sheraton 1979), diamond-bearing intrusions of the same age have been 
identified in the Walloway region and one has been classified as hypabyssal, calcite-phlogopite-kimberlite 
(Scott-Smith et al. 1984). The Walloway carbonated kimberlite and Terowie kimberlitic intrusion have 
similar slightly positive eNd, like that of the Walloway carbonatite, suggesting a genetic relationship. 
The emplacement age of the Goudini carbonatite is within error of that of the Premier kimberlite pipe, and 
"carbonatites" at Premier have initial 87Sr/86Sr of 0.7028 (Powell 1966, Welke et al. 1974) and eNd 
values (Basu and Tatsumoto 1980) identical to that of the Goudini carbonatite. Although the Goudini and 
Walloway carbonatites are isotopically similar to other carbonatites, these two carbonatites lack the 
distinctive negative U and Hf anomalies found in all of the other carbonatites examined. As discussed 
earlier, these anomalies are probably due to crystallisation of phases such as monazite or zircon. The high 
SiC> 2  contents and lower degree of trace-element enrichment of the Walloway and Goudini carbonatites 
compared to the other carbonatites indicates incomplete segregation of carbonate and silicate phases. If, as 
the evidence presented here suggests, kimberlites and carbonatites are genetically related, these two 
carbonatites may be transitional between kimberlite and more differentiated carbonatite.
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8.5.4 Evolution of the sources of carbonatites
Many carbonatites possess isotopic characteristics indicating that their sources have long histories of 
high U/Pb, low Rb/Sr and LREE-depletion. Hofmann and White (1982) have attributed similar isotopic 
characteristics found in ocean-island basalts to subducted oceanic lithosphere which has been enriched in 
uranium during hydrothermal circulation or low-temperature alteration and stored in the mantle for ~l-2 
Ga. Subducted altered basaltic crust is also likely to be C 02- and volatile-rich, offering an excellent 
source material for carbonatite generation. At depth, subducted basalt converts to eclogite, which Treiman 
and Essene (1983) have advanced as a possible source for Na-rich carbonatites (with the jadeitic pyroxene 
component of eclogite providing a source of Na). Derivation from a garnet-rich eclogitic source can also 
explain the extreme LREE-enrichment typical of carbonatites. The relatively unradiogenic initial Sr and 
slightly radiogenic initial Nd of carbonatites is also compatible in general terms with an origin from 
ancient low Rb/Sr, slightly LREE-depleted, altered basaltic crust. If this is the case, the difference in the 
Pb isotopic characteristics of young carbonatites and the MORB depleted mantle reservoir from which 
their subducted basaltic sources may have been derived indicates a recycling rate similar to that inferred for 
ocean-island sources (Chase 1981) of the order of ~1.5 Ga. Although the correlations between initial 
87Sr/86Sr, eNd and emplacement age of Fig. 8.10 require a relatively rapid and steady recycling rate, a rate 
of this order is probably rapid enough to generate such a trend.
A number of 813C and 8180  studies of carbonatites have been undertaken in an attempt to determine 
values characteristic of the mantle. These studies found a considerable range of 8 13C and 8 180  
compositions which overlap with those more recently determined for mid-ocean ridge basalts. Although 
these 8 13C and 8 180  compositions have been interpreted as representing primitive mantle values, the 
radiogenic Pb isotope characteristics of carbonatites are not compatible with a primitive mantle origin. 
Furthermore, if carbonatites are derived from subducted lithosphere which has been subjected to degassing, 
low-temperature alteration and/or hydrothermal processes, significant shifts in 8 13C and 8 180  from 
mantle values are probable. Because of the low concentrations of magmatic carbon in tholeiitic basalt, 
the 8 13C composition of altered MORB will be strongly influenced by that of the contaminants. 
Phanerozoic pelagic carbonates and secondary carbonates in weathered and hydrothermally altered basalt 
generally have 0 13CpDB values of -  0 to +2 %c (Degens 1969, Anderson and Lawrence 1976, McKenzie 
1980). Measurements of the oxygen isotopic compositions of altered oceanic tholeiites (for example,
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Gregory and Taylor 1981) have generally found both O enrichments, attributed to low-temperature 
hydrothermal exchange, and depletions, probably due to high-temperature exchange, with 5 180 SM0W 
values typically ranging from +4 to +12 %o. The 8 13C and 8 180  values of carbonatites fall within the 
range of altered and unaltered sea-floor tholeiite and it is therefore conceivable that the shifts towards 
higher 8 13C and 8 180  values, relative to those of MORB, found in many carbonatites is due to exchange 
of carbon and oxygen of the oceanic lithospheric sources of carbonatites with seawater, prior to their 
subduction. Because of the generally low Rb, Sr and REE concentrations of secondary carbonate 
compared to oceanic tholeiites (cf. McCulloch et al. 1981), the Sr and Nd isotopic evolution of oceanic 
crust may not be significantly affected by the addition of secondary carbonate during low-temperature 
alteration processes, although some shifts towards more radiogenic 87Sr/86Sr might be anticipated due to 
Sr exchange with seawater. The generally radiogenic Pb isotopic compositions of many carbonatites may
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be attributable to uptake of uranium from seawater by basalt during low-temperature alteration, as was 
advanced by Hofmann and White (1982).
The geochemical and stable and radiogenic isotopic characteristics of carbonatites are therefore 
consistent with their generation from subducted oceanic lithospheric sources. That similar isotopic 
features are found in some late Archaean alkaline and carbonatite complexes, such as the Siilinjarvi 
Carbonatite Complex of eastern Finland and in the Poohbah Lake complex from the Superior Province of 
the Canadian Shield, suggests that subduction and recycling processes have operated since at least the late 
Archaean. Future detailed studies of carbonatite complexes of different ages may enable the geochemical 
and isotopic evolution of ocean-island sources throughout the Earth's differentiation history to be 
determined.
SECTION C. THE ^K -^C a RADIOGENIC DECAY SCHEME- a reconnaissance study
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9.1 Introduction
Although the minor branch of decay of 40K (mostly by neutron capture) to 40Ar has been 
extensively applied in geochronological studies, the major branch of 40K decay to 40Ca (t^/2 = 1.47 Ga; 
see Fig 9.1), has received little attention. There are two main reasons for this;
1. The much greater abundance of the daughter, 40Ca, relative to the parent, 40K, in most 
geological materials, results in only small increments of 40Ca due to radiogenic decay of 40K 
over time. For example, the increase in the 40Ca/42Ca ratio due to radiogenic decay of 40K of 
the Earth’s mantle during its 4.5 Ga history is only -0.0027 or 0.0018%.
2. The daughter isotope, 40Ca, comprises almost 97% of naturally-occurring calcium, with the next 
most abundant isotope, ^C a , comprising only -2% (see Fig. 9.1). Measurement of the small 
increments in the abundance of 40Ca due to 40K decay requires the simultaneous measurement of 
at least two ratios with approximately equal precision, the first to measure the increment due to 
radiogenic decay of the parent isotope and the second to correct for fractionation effects induced 
prior to or during isotopic analysis. Until recently, it has not been possible to measure the two 
Ca isotopic ratios required with the precision necessary to make the 40K-40Ca decay scheme 
widely applicable to geological problems.
These difficulties have limited the range of possible applications of the 40K-40Ca radiogenic decay 
scheme to the investigation of very high K/Ca rocks and minerals (e.g. Coleman 1971). Furthermore, 
most previous 40K-40Ca isotopic studies (for example, Marshall and DePaolo 1982, and references given 
therein) have been restricted to geochronological investigations, for which other techniques, such as 
87Rb-87Sr, offer considerable advantages over the 40K-40Ca method. However, recent advances in mass 
spectrometry technology have considerably improved the level of analytical precision attainable and as a 
consequence, the range of possible applications of the 40K-40Ca decay scheme has been broadened.
The following study was undertaken principally to investigate the potential usefulness of the 
40K-40Ca method as a petrogenetic tracer. In Fig. 9.2, the relationship between the K/Ca ratio (expressed 
as wt% K20/CaO), duration (in Ga) and the consequent increase in 40Ca abundance (represented by the 
loci of increments, in parts of 104, in the 40Ca/42Ca ratio) is shown. Although the attainable analytical 
precision still limits application of the technique to the examination of samples having geologically long 
histories of high K/Ca, the 40K-40Ca method can potentially provide useful petrogenetic information 
which would be unavailable by other means. For example, the Sr, Nd and Pb isotopic characteristics of 
some ultrapotassic rock suites suggest that their source regions may have possessed high K/Ca ratios (i.e. 
wt% K20/CaO >1) for periods of at least -2 Ga (see discussion in Chapter 7). If this has been the case, 
increases in the abundance of 40Ca should be resolvable at the measurement precision presently attainable. 
It has also been suggested (see Chapter 7) that the major-element and trace-element components of at least 
some ultrapotassic rock suites have been derived from entirely different sources. This hypothesis may be 
examined by comparison of the isotopic characteristics of trace elements (such as Sr, Nd and Pb) with that 
of the major element calcium.
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Fig. 9.1 Decay scheme showing branched decay of 40K to both 40Ar (mostly by electron capture) and 
to 40Ca by ß-decay.
In addition to its petrogenetic applications, the 4^K- 4®Ca decay scheme can also contribute to our 
understanding of intra- and infra-crustal recycling processes. This is because weathering processes 
commonly stabilise alkali-rich clay minerals in mature sediments, resulting in an increase in the K/Ca 
ratio and consequently, measurable increases in the abundance of 40Ca in old (i.e. > ~2 Ga) sediments.
In this study, the results of a calcium isotopic investigation of a variety of igneous and sedimentary 
rock-types are presented. This research was primarily directed towards the assessment of perceived 
analytical difficulties associated with the technique and the investigation of some useful geological 
applications.
9.2 Analytical Procedures
Details of the analytical procedures used in this study and a discussion of the sources of analytical 
error in Ca isotopic analyses can be found in Appendix 1.4. The results obtained for 12 analyses of the 
Tridacna Ca isotope standard obtained throughout the 5 month period of this study indicate an external 
precision of 0.018% (i.e. ±0.028) at the 95% confidence level for measurements of the 40Ca/42Ca ratio.
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Fig. 9.2 Wt% K20/Ca0 versus age (in Ga), showing the increase in 40Ca abundance resulting from the 
radiogenic decay of 40K. The curves represent the loci of increments in the ^ C a /^C a  ratio in parts in 
104. The analytical precision obtained during this study is ±1.9 6-units (95% confidence). Resolvable 
differences are limited by this analytical precision to samples having high K/Ca ratios for long time 
periods (e.g. wt% K^O/CaO > 0.20 for 4.0 Ga or wt% K20/CaO > 0.38 for at least 3.0 Ga. For 
comparison, most primitive basalts have wt% K20/CaO substantially less than 0.08).
This is in general agreement with the external precision error estimate of 0.022% (or ±0.034 for the 
^C a /^C a  ratio) at the 95% confidence level indicated by a 2-way analysis of variance of duplicate Ca 
isotopic analyses for 30 of the samples given in this study.
9.3 Results
9.3.1 Oceanic and island-arc lavas
Ca and Sr isotopic data obtained for mid-ocean ridge, ocean-island and island-arc lavas are given in 
Table 9.1. The basalt sample #529-4, from the Famous area of the mid-Atlantic ridge, was selected for 
analysis because it is chemically well-catagorised (see Langmuir et al. 1977) and possesses major- and 
trace-element characteristics typical of primitive mid-ocean ridge basalts. For the purposes of this study, 
this basalt has been adopted as a Ca isotopic reference. Results obtained for other rock samples are 
expressed using the epsilon notation as follows;
eCa = [(40Ca/42Ca$ample - 40Ca/t2Cabasalt)/ 40C a/«C abasalt] x 104 (1)
where, from Table 9.1, ^ C a /^ C a ^ ,^  = 151.078.
The results are therefore expressed as differences, in parts of 104, from the 40Ca/42Ca value of Earth’s 
mantle. Because of the low K/Ca ratio of the Earth's mantle (i.e. -0.01), the mantle 40Ca/42Ca value 
should represent the least radiogenic terrestrial 40Ca/42Ca value. No 40Ca/42Ca ratio obtained for other
Table 9.1 Calcium and strontium isotopic data for basalts, island-arc lavas and a trough sediment.
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Sample 87Sr/86Sra ^C a/^C a b 40Ca/42Cab blocks p c bCa
MORB
529-4 Famous area 0.7029 0.064877 ±9 151.078 ±8 (27) 0
0.064853 ±4 151.064 ±39 (11) -0.93 ±2.6
0.064847 ±10 151.067 ±11 (12) -0.73
Ocean-island basalts
BHVO-1 Hawaii 0.70345 ±3 0.064849 ±14 151.106 ±13 (8) +1.85
0.064862 ±10 151.113 ±10 (13) +2.32
0.064854 ±6 151.085 ±8 (15) +0.46
0.064862 ±9 151.102 ±9 (10) +1.59
Island-arc volcanics and trough sediments
MK-17 Unalaska basalt, 0.70311 ±4 0.064861 ±5 151.129 ±16 (10) +3.38
Aleutian arc 0.064850 ±8 151.074 ±9 (4) -0.26
AK4-33 Akutan basalt, 0.70308 ±5 0.064856 ±8 151.076 ±7 (17) -0.13
Aleutian arc 0.064834 ±9 151.095 ±16 (14) +1.13
MK-3A Unalaska andesite, 0.70291 ±4 0.064865 ±24 151.101 ±22 (9) +1.52
Aleutian arc 0.064867 ±12 151.089 ±19 (9) +0.73
B5328 Wetar basalt, 0.70446 ±5 0.064858 ±6 151.129 ±9 (13) +3.38
Banda arc 0.064857 ±3 151.118 ±5 (24) +2.65
B5561 Wetar dacite, 0.70827 ±5 0.064869 ±15 151.108 ±12 (12) +1.99
Banda arc
B5128 Wetar rhyolite, 0.72030 ±5 0.064814 ±21 151.113 ±18 (11) +2.32
Banda arc 0.064833 ±29 151.074 ±20 (15) -0.26
SS4 Timor Trough, 0.74105 ±5 0.064855 ±7 151.113 ±14 (24) +2.32
shale
a 87Sr/86Sr isotopic data for Famous area basalts from White and Bryan (1977), for Aleutian arc lavas 
from McCulloch and Perfit (1981) and for Banda arc lavas and sediments from M. Abbott (unpublished 
data).
b Ratios normalised to 42Ca/44Ca = 0.31221. Based on multiple analyses of the Tridacna calcium 
standard, the external precision is ±0.028 or ±1.9 £Ca units (95% confidence) for 40Ca/42Ca. 
Individual analyses represent separate mass spectrometry runs of new loads. Within-run precision (at 
95% confidence) shown as an indication of run quality.
° eCa = [(40Ca/42Casample - 151.078V151.078] x 104.
rock samples should therefore be statistically significantly less than this value.
It is noteworthy that the Tridacna calcium standard possesses a 40Ca/42Ca value (£Ca = -0.07 ±1.9, 
from Table A1.8) which is indistinguishable from the value obtained for the mid-ocean ridge basalt 
sample. This result indicates that the 40Ca/42Ca ratio of modem seawater is identical, within the 
analytical uncertainty, to that of the Earth's mantle. This is in contrast to the case for strontium, in
Table 9.2 Major- element analyses3 of some igneous and sedimentary rocks examined in this study.
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Sample B5328 B5128 AK4-33 SS4 AUS-52 AUS-75 AUS-81
Location Wetar Wetar Aleutian Timor Narryer Narryer Narryer
Rock-type basalt rhyolite basalt shale pelite pelite calc-silic
S i09
Ti° 2
a i2o 3
Cr20 3
FeO
MnO
MgO
CaO
Na~0
k 2o
51.91
0.56
16.72
0.07
9.19 
0.06
6.19 
13.48
1.32
0.59
76.84
0.20
13.36
0.07
2.20
0.05
0.06
1.84
2.82
2.72
49.32
1.34
18.41
0.06
11.81
0.09
4.76
10.43
3.08
0.79
61.31
0.77
25.00
0.05
5.12
0.05
1.32
0.61
0.87
5.00
51.68
0.50
26.32
0.07
10.72
0.08
4.99
1.92
0.23
3.58
53.56
0.48
18.00
0.05
10.28
0.13
5.61
8.93
1.73
1.30
56.27
0.74
10.79
0.07
10.15
0.09
4.62
16.41
0.81
0.14
a Sample powders were fused, in duplicate, on Mo strips under an Ar atmosphere and the resultant 
glasses analysed using an energy-dispersive electron microprobe. Analyses given represent averages of 
at least 10 microprobe determinations. Oxide totals have been summed to 100%.
which a substantial proportion of marine Sr has been derived from the upper continental crust and is 
considerably more radiogenic than the mantle value. Either the Ca derived from the Earth's continental 
crust is insufficiently radiogenic, or the Ca flux to the oceans from mantle sources (e.g. hydrothermal 
input from ridge crests) outweighs that derived from the upper continental crust.
The 6Ca of +1.56 ±0.68 (average and 2amean error of the 4 analyses given Table 9.1) for the 
ocean-island alkali basalt BHVO-1, from the Kilauea caldera, Hawaii, is within the 2a external precision 
limit of the value obtained for the Famous area mid-Atlantic ridge basalt.
Also given in Table 9.1 are Ca isotopic data obtained on lavas from the Aleutian and Banda island 
arcs and a sediment from the Timor Trough. Major-element data for some of the island-arc samples given
on o c
in Table 9.1 are listed in Table 9.2. The Banda island-arc volcanics possess a wide range of Sr/ Sr 
(i.e. 0.7044 to 0.7223), 143Nd/144Nd (eNd of +3.4 to -11.0) and 5180  (+9.8 to +13.7 %c vs SMOW) 
values (McCulloch et al. 1982), indicating the assimilation of substantial amounts of crustal material. 
The 40Ca/42Ca ratios of both Banda and Aleutian arc lavas are within error of the value obtained for the 
mid-ocean ridge basalt. The Timor Trough sediment also possesses a 40Ca/42Ca ratio which is within 
error of the mid-ocean ridge basalt, despite its high K20/CaO ratio (see Table 9.1) and very radiogenic 
87Sr/86Sr ratio of 0.7410.
9.3.2 Carbonatites
Ca isotopic results obtained for carbonatites from a variety of localities are listed in Table 9.3. 
Although the intrusion ages range from Early Proterozoic (for the Mt Weld carbonatite) to Tertiary (for 
the Ugandan examples), corrections to the measured 40Ca/42Ca ratio for ß -decay of 40K since 
emplacement are unnecessary, due to the low K/Ca ratios. With the exception of the Sukulu carbonatite, 
all other carbonatite samples examined possess 4^Ca/*2Ca values within the analytical uncertainty of the
Table 9.3 Calcium isotopic data for carbonatites.
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Sample Emplacement agea 
(Ma)
^Ca/^Ca*5 40Ca/*2Cab blocks £CaC
Mudtank, Northern Territory 732 0.064849 ±13 151.100 ±10 (22) +1.46
#7590-2015 0.064853 ±15 151.093 ±13 (14) +0.99
Mt Weld, Western Australia 2040 0.064866 ±13 151.097 ±10 (15) +1.26
#MW-2 0.064839 ±13 151.083 ±15 (15) +0.33
Kaiserstuhl, West Germany 
#K-3
17 0.064842 ±8 151.101 ±10 (10) +1.52
Jacupiranga, Brazil
#5963
130 0.064852 ±5 151.073 ±6 (15) -0.33
Magnet Cove, Arkansas 
#MC-1
97 0.064809 ±30 151.117 ±19 (12) +2.58
Lokupoi, Uganda
#6336
19 0.064864 ±20 151.102 ±19 (24) +1.59
Tororo, Uganda 40 0.064825 ±11 151.099 ±11 (25) +1.39
#6330 0.064852 ±5 151.123 ±8 (12) +2.98
Sukulu, Uganda 40 0.064852 ±11 151.114 ±11 (15) +2.38
#6335 0.064827 ±19 151.162 ±19 (13) +5.56
Kangankunde, Malawi
#3432
126 0.064913 ±51 151.062 ±45 (7) -1.06
Nachendazwaya, T anzania 655 0.064800 ±26 151.082 ±17 (4) +0.26
#7122
a Sources of emplacement age data are given in Chapter 8 of this thesis.
b Ratios normalised to 42Ca/44Ca = 0.31221. Based on multiple analyses of the Tridacna calcium 
standard, the external precision is ±0.028 or ±1.9 £Ca units (95% confidence) for 40Ca/42Ca. 
Individual analyses represent separate mass spectrometry runs of new loads. Within-run precision 
shown as an indication of run quality.
C eCa = K4°Ca/42Casample ’ 151-078)/l51.078] X 104.
mantle value, given by the value obtained for the mid-ocean ridge basalt. Although the average of the two 
Sukulu analyses give an £Ca of +3.97, which is statistically outside the mantle value, one of the two 
Sukulu Ca runs statistically overlaps with the mantle value. The Tororo and Lokupoi carbonatites are 
spatially closely associated with the Sukulu carbonatite but both have £Ca values (+1.59 and +1.59 
respectively) which are within the upper uncertainty limit of the mantle value. The Ugandan carbonatites 
possess unusually radiogenic Pb isotopic compositions, consistent with their sources having evolved in 
isolation from the Earth's convecting mantle for at least 1.5 Ga (see Section B). It is therefore
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conceivable that they may have evolved radiogenic Ca compared to more typical mantle values during this 
time. However, without further supporting evidence (i.e. further duplicate analyses or improvement in the 
external precision), the significance of the Sukulu Ca data should be interpreted cautiously.
9.3.3 Potassic igneous rocks
Ca isotopic results obtained for some selected potassic igneous rocks are tabulated in Table 9.4. Age 
corrections to the measured 40Ca/42Ca ratios are unnecessary for the Western Australian and Spanish 
lamproites and Gaussberg leucitites, due to their young emplacement ages. For the central west Greenland 
kimberlites and lamproites, small corrections to the measured 40Ca/42Ca ratios for in-situ decay of 40K 
have been applied, but these corrections are within the analytical error of the measurements (i.e. the 
maximum correction applied is -0.023, to Greenland lamproite #5622). The results in Table 9.4 indicate 
that the Western Australian, Spanish and Gaussberg samples possess 40Ca/42Ca ratios which are within 
error of the value obtained for the mid-Atlantic ridge basalt (and are therefore indistinguishable from the 
mantle value). However, the average £Ca value of the 4 analyses obtained for the Greenland kimberlites is 
+2.68 ±0.46, statistically significantly higher than the mantle value. Furthermore, both age-corrected 
40Ca/42Ca ratios for the two central west Greenland lamproites analysed (£Ca of +3.36 and +4.90) are 
statistically significantly more radiogenic than the mantle value.
9.3.4 Chemical and clastic sediments from ancient terrains
Ca isotopic results obtained for gypsum samples from selected Australian Proterozoic and Archaean 
terrains are given in Table 9.5. The gypsum samples possess radiogenic 87Sr/86Sr values (i.e. from 
0.7104 to 0.7461; see Table 9.5), suggesting that most of their Sr is derived from the surrounding 
continental crust. Apart from the sample from Lake Frome, which is located in terrain predominantly of 
Proterozoic age or younger, the 40Ca/42Ca ratios of the gypsum samples are significantly more 
radiogenic than the mantle value. Furthermore, a positive correlation exists between 87Sr/86Sr and the 
mean 40Ca/42Ca values obtained for the gypsum samples (Fig. 9.3).
In Table 9.6, Ca isotopic data for clastic sediments from the Archaean Mt Narryer region of Western 
Australia are given. The pelite sample AUS-52 has a high K20/CaO ratio (see Table 9.2), accompanied 
by a highly radiogenic 40Ca/42Ca ratio (i.e. £Ca(0) ~ +25). Pelite sample AUS-75 possesses an £Ca(0) 
of +2.9, which is within error of the mid-oceanic ridge basalt sample. The £Ca(0) value of +3.9 for the 
calc-silicate sample AUS-81 is resolvably more radiogenic than the mid-oceanic ridge basalt sample at the 
2a level. The sediment K-Ca isotopic data define a K-Ca isochron (Fig. 9.4) indicating an age of 4.17 
±0.38 Ga, with the pelite sample AUS-52 largely controlling the age.
Table 9.4 Calcium isotopic data for potassic and kimberlitic rocks.
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Sample K
-----ppm
Caa 40K/42Ca ^C a/^C a 40Ca/42Cab blocks eCa(°)c f   ^bCa
Western Australian lamproites (20 Ma)
WAL-10 77600 27020 0.0535 0.064844 ±15 151.095 ±16 (13) +1.13 +1.09
WAL-14 75100 22500 0.0622 0.064873 ±15 151.070±14 (18) -0.53 +1.12
0.064840 ±25 151.121 ±19 (25) +2.85
WAL-15 33400 35100 0.0177 0.064860 ±5 151.069 ±5 (22) -0.60 -0.43
0.064865 ±4 151.074 ±4 (23) -0.26
WAL-20 35100 32200 0.0203 0.064851 ±5 151.072 ±25 (35) -0.40 -0.27
0.064879 ±11 151.076 ±9 (10) -0.13
WAL-25 72460 41300 0.0327 0.064857 ±5 151.093 ±6 (15) +0.99 +1.57
0.064859 ±7 151.111 ±27 (3) +2.18
Gaussberg leucitites (0 Ma)
82-27 0.064852 ±5 151.087 ±6 (19) +0.60 -0.13
0.064843 ±8 151.065±12 (7) -0.86
82-30 0.064857 ±11 151.097 ±14 (8) +1.26 +1.26
Spanish lamproites (8 Ma)
SP-034 0.064854 ±5 151.078±10 (9) 0 +0.13
0.064854 ±9 151.082±12 (10) +0.26
SP-049 56800 20500 0.0516 0.064861 ±3 151.078 ±4 (25) 0 -0.01
Central west Greenland kimberlites (587 Ma)
5508 23600 69900 0.00628 0.064857 ±5 151.108 ±17 (7) +1.98 +2.66
0.064841 ±7 151.126 ±9 (20) +3.18
5973 18800 85900 0.00409 0.064843 ±13 151.124 ±13 (15) +3.04 +2.91
0.064854 ±7 151.116 ±9 (15) +2.52
Central west Greenland lamproites (1227 Ma)
5611 52000 64200 0.0151 0.064846 ±9 151.150±14 (13) +4.76 +4.90
0.064851 ±7 151.163 ±9 (15) +5.63
5622 51900 35900 0.0269 0.064858 ±20 151.124 ±16 (15) +3.04 +3.36
0.064849 ±5 151.163 ±10 (5) +5.63
a K and Ca concentration data from Jaques et al. (1986), Venturelli et al. (1984) and Scott (1979). 
b Ratios normalised to 42Ca/44Ca = 0.31221. Based on multiple analyses of the Tridacna calcium 
standard, the external precision is ±0.028 or ±1.9 £Ca units (95% confidence) for 40Ca/42Ca. 
Individual analyses represent separate mass spectrometry runs of new loads. Within-run precision (at 
95% confidence) shown as an indication of run quality.
C eCa(°) = t(4°Ca^ 2Casample '  151-078)/151.078] x 104.
d £Ca calculated using the average value of dupicated 40Ca/42Ca ratios, the ages indicated and the 
following additional parameters; = 0.5543 x 10'9 yr'1, Ao / A.K = 0.8952, mantle K/Ca (atomic) = 
0.01 and present-day mantle 40C a r2Ca = 151.078.
Table 9.5 Strontium and calcium isotopic data for gypsum samples.
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Sample 87Sr/86Sra 43Cay44Ca 40Ca/42Cab blocks £Ca(0)c
Lake Frome, South Australia (Proterozoic basement)
#LF 82/3 0.710388 0.064832 ±20 151.112 ±22 (25) +2.25
0.064829 ±32 151.123 ±32 (20) +2.98
0.064857 ±3 151.130 ±9 (17) +3.44
Lake Gilmor (south side), Western Australia (Archaean granitic basement) 
#GY-207 0.718751 0.064880 ±12 151.143 ±12 (8) +4.30
0.064853 ±5 151.137 ±9 (14) +3.91
Lake Yarra Yarra, Western Australia (Archaean granitic basement)
#GY-185 0.725995 0.064854 ±9 151.142 ±19 (5) +4.24
0.064849 ±5 151.156 ±12 (10) +5.16
Lake Moore (north side), Western Australia (Archaean granitic basement) 
#GY-165 0.730424 0.064855 ±4 151.148 ±6 (14) +4.63
0.064856 ±13 151.153 ±17 (9) +4.96
Lake Brown, Western Australia (Archaean granitic basement) 
#GY-127 0.746118 0.064843 ±9 151.162 ±8 (20) +5.56
0.064850 ±7 151.173 ±10 (13) +6.29
a Sr isotope data from M.T. McCulloch and A.R. Chivas (unpublished data). Analytical error for 
87Sr/86Sr is <±0.00003 (95% confidence).
b Ratios normalised to 42Ca/44Ca = 0.31221. Based on multiple analyses of the Ca Tridacna standard, 
the external precision is ±0.028 or ±1.9 £Ca units (95% confidence) for 40Ca/42Ca. Individual 
analyses represent separate mass spectrometry runs of new loads. Within-run precision (at 95% 
confidence) shown as an indication of run quality.
c eCa(0) = [(40Ca/*2Casamp|e - 151.078)/151.078] x 104.
9.4 Discussion
9.4.1 Ocean-island and island-arc lavas
Resolvable enrichments in 40Ca, compared to the mantle 40Ca/42Ca value, were not detected in 
either the ocean-island or island-arc lavas examined in this study. This result is perhaps not surprising for 
the Hawaiian alkali basalt. However, the 87Sr/86Sr, 143Nd/144Nd and 180 / 160  isotopic characteristics 
of the Banda arc lavas (McCulloch et al. 1982) provide convincing evidence for the involvement of 
substantial amounts of crustal material in their generation. The very radiogenic 87Sr/86Sr value obtained 
for the highly-contaminated Wetar rhyolite (i.e. 87Sr/86Sr = 0.7203) and the Timor Trough sediment 
( Sr/ Sr = 0.7410; from Table 9.1) suggests the involvement of sedimentary detritus predominantly 
derived from an old continental platform (probably northwest Australia). As the Ca isotopic results 
obtained for gypsum samples (Table 9.5) and sediments derived from Archaean terrains (Table 9.6) indicate
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Table 9.6 Calcium isotopic data for clastic sediments from the Mt Narryer region, Western Australia.
Sample Ka
-----ppm
Caa 40K/42Ca ^C a /^C a 40Ca/42Cab blocks £ca(°)C
t  d 
*Ca
(Ga)
pelites
AUS-52 29700 13700 0.0403 0.064866 ±14 
0.064856 ±15
151.427 ±14 
151.475 ±15
(7)
(5)
+23.10
+26.28
4.39
AUS-75 10800 63800 0.00315 0.064858 ±4
0.064857 ±2
151.124 ±4
151.120 ±5
(19)
(ID
+3.04
+2.78
5.21
calc-silicates
AUS-81 1160 117300 0.00018 0.064857 ±5
0.064846 ±10
151.142 ±8
151.132 ±10
(9)
(5)
+4.24
+3.57
“
a K and Ca concentration data from Table 9.2.
b Ratios normalised to 42Ca/44Ca = 0.31221. Based on multiple analyses of the Tridacna calcium 
standard, the external precision is ±0.028 or ±1.9 £Ca units (95% confidence) for 40Ca/42Ca. 
Individual analyses represent separate mass spectrometry runs of new loads. Within-run precision (at 
95% confidence) shown as an indication of run quality.
C eCa(°) = t(4°Ca^ 2Casample '  151.078)/151.078] x 104.
d TCa calculated using the average value of duplicated 40Ca/42Ca ratios and the following additional 
parameters; = 0.5543 x 10'^yr'1, ^  = 0.8952, mantle K/Ca (atomic) = 0.01 and present-day
mantle ^ C a /^ C a  = 151.078.
that sedimentary material derived from old terrains may possess radiogenic 40Ca/42Ca, radiogenic 
40Ca/42Ca values might be anticipated in the Timor Trough sediment (and perhaps also in the Wetar 
rhyolite). The trough sediment, however, possesses a 40Ca/42Ca ratio which is within error of the 
mantle value. A possible explanation for the unradiogenic 40Ca/42Ca ratio of the trough sediment is that 
its calcium may have been largely derived from seawater, or may have exchanged with seawater calcium, 
as the Tridacna calcium standard 40Ca/42Ca results suggest that seawater calcium is isotopically 
indistinguishable from mantle calcium. If this is the case, the radiogenic 87Sr/86Sr value of the sediment 
compared to the seawater value indicates that this process has not substantially influenced the strontium 
isotope systematics of the sediment.
9.4.2 Carbonatites
The Ca isotopic results given in Table 9.3 indicate that, with the possible exception of the Ugandan 
Sukulu example, carbonatites generally possess Ca isotopic compositions which are indistinguishable 
from that of the Earth's mantle. This conclusion supports the findings of the study by Marshall and 
DePaolo (1982), in which Ca isotopic data for a single carbonatite (from Mountain Pass, California) was 
obtained. In Section B of this thesis, a model was presented advocating the derivation of carbonatites by 
small degrees of partial melting (i.e. < ~1%) of subducted, altered oceanic crust, which had in many cases
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Fig. 9.3 40Ca/42Ca versus 87Sr/86Sr for gypsum samples. Error-bars on 40Ca/42Ca are ±0.028 or 
95% confidence external precision limits based on multiple analyses of the Tridacna calcium standard. 
The Tridacna analyses were obtained over a 5 month period and probably over-estimate the analytical error 
appropriate for a comparison of the gypsum 40Ca/42Ca results (obtained over a period of a few days). 
For example, all duplicated analyses of the 5 gypsum samples agree within their within-run 2 a  precision, 
which averages ±0.014.
T = 4170 ±380 Ma
I = 151.12 ±0.26
MSWD = 3.87
40K /42Ca
Fig. 9.4 40K/42Ca -40Ca/42Ca isochron diagram for sediments from the Mt Narryer region of Western 
Australia. 40K/42Ca ratios have been calculated from the concentration data given in Table 9.2. Based 
on duplicate microprobe analyses, the error in 40K/42Ca is estimated to be <10% (2a).
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been stored within the Earth's mantle for at least 1 Ga. Based on differences between the 81J>C and 5löO 
values of carbonatites and those characteristic of the Earth's mantle, it was also suggested that some 
proportion of the carbonate was of secondary origin, resulting from low-temperature interaction of the 
oceanic crust with seawater. However, the Ca isotopic results obtained for the Tridacna standard (see 
Table A1.8) indicate that the 40Ca/42Ca value of modem seawater is identical within error to the value 
determined for the Earth's mantle (based on the analysis of the mid-Atlantic ridge basalt sample). 
Therefore, the presence of secondary Ca derived from seawater cannot be confirmed by Ca isotopic 
analysis.
The significance of the radiogenic 40Ca/42Ca value obtained for the Sukulu carbonatite is difficult to 
assess. As with other carbonatites, the Sukulu carbonatite possesses an extremely low K/Ca ratio (i.e. 
atomic K/Ca ~ 0.0003, from Table 8.1) so if the radiogenic Ca is a source characteristic, a mechanism is 
required (silicate/carbonate segregation?) to lower the K^O/CaO ratio from a relatively high value of at 
least 1, necessary to evolve the measured £Ca of -4  within a realistic time period (see Fig. 9.2), to this 
very low value. The Sr, Nd and Pb isotopic characteristics of the Sukulu carbonatite rule out the 
possibility that the radiogenic Ca reflects extensive interaction of the carbonatite with the surrounding 
continental crust.
9.4.3 Potassic igneous rocks
For a sample having wt% K^O/CaO of 3, a time period of at least 1.24 Ga is required in order for it 
to evolve a 40Ca/42Ca ratio which is statistically significantly different from the mantle value (i.e. with 
an £Ca of at least +3.8, to be outside the 95% confidence precision level of both measurements). For a 
wt% K^O/CaO of 1, at least 2.5 Ga is required. Assuming that their sources possessed K/Ca ratios 
similar to those of the magmas themselves (i.e. wt% K20/CaO = 1 to 3), the Ca isotopic results obtained 
for the Western Australian lamproites and Gausberg leucitites indicate that their sources cannot be older 
than ~2.5 Ga. Because potassium is likely to be more incompatible than calcium in most mantle 
mineralogies and crystal fractionation may increase the K/Ca ratio, the K/Ca ratio of the magmas 
probably provide a maximum estimate of that of their sources. However, for at least the more primitive 
Western Australian representatives (such as the Ellendale samples), the K/Ca ratios of the magmas are 
probably close to the values of their sources. Using the XRF-determined wt% K20  and CaO values and 
maximum possible 40Ca/42Ca ratios (i.e. the upper limit of the 95% confidence error) for Ellendale 
olivine lamproites WAL-15 and WAL-20 indicates maximum possible model 40K-40Ca ages of -1.55 
Ga. As the Nd and Pb isotopic compositions of the Western Australian lamproites require source ages of 
at least 2.1 Ga (but probably much older; see Chapter 3), the Ca isotopic data suggest that either the K 
enrichment (i.e. increase in the K/Ca ratio) of the lamproite sources occurred some time after the trace 
element enrichment (i.e. the increase in Rb/Sr and Nd/Sm), or that most of the calcium in the lamproites 
has been derived from a different source to that from which the potassium and the trace elements Pb and 
Nd was derived. It is likely that the enrichment in K and the incompatible trace elements occurred 
synchronously, but that the radiogenic calcium generated has been diluted by mixing with unradiogenic 
mantle-derived calcium or calcium from other sources.
126
The radiogenic 87Sr/86Sr values of the lamproites from southeastern Spain (i.e. from 0.717 to 
0.721; see Table 2.3) indicate derivation from sources having long histories of high Rb/Sr and, because of 
the similar geochemical behavior of K/Ca and Rb/Sr ratios, presumably also high K/Ca. However, as 
with the Western Australian and Gaussberg potassic lavas, the Spanish lamproites also possess Ca 
isotopic compositions which are indistinguishable from the mantle value. In Section A of this thesis, it 
was argued that a component derived from subducted sediments may be involved in the genesis of potassic 
igneous rocks. In contrast with the Western Australian and Gaussberg examples, for which it was argued 
that their sources were stored and evolved largely within the subcontinental lithosphere, the Sr, Nd and Pb 
isotopic characteristics of the Spanish lamproites suggest the involvement of recently-subducted 
sedimentary material. Although sediments derived from old cratons may be expected to possess 
measurably radiogenic calcium, as discussed earlier (see Section 9.4.1), when radiogenic calcium from 
these sources enters the marine environment, it is likely to be diluted by mixing with unradiogenic marine 
calcium. Furthermore, mixing within the mantle with unradiogenic mantle calcium is also likely to 
occur. These processes may account for the unradiogenic 40Ca/42Ca ratios of the Spanish lamproites.
The Ca isotopic data obtained for central west Greenland kimberlites and lamproites (Table 9.4) 
indicate that these samples possess 40Ca/42Ca ratios which are significantly more radiogenic than the 
mantle value. Using the mean wt% K^O/CaO value for the kimberlites from Scott (1979) (i.e. 0.104, 
from the 5 kimberlite analyses given in Table 6.2) and the mean 40Ca/42Ca ratio age-corrected using the 
emplacement ages of Smith (1979) (i.e. £Ca = +2.63 ±0.46), the Greenland kimberlites have 40K-40Ca 
model ages of 5670 ±300 Ma (errors on model ages are calculated using the 95% confidence uncertainty 
limits on the 40Ca/42Ca measurement. Error in the model age is insensitive to analytical error in the 
K20/CaO ratio and has been ignored in the error calculation. For example, an error of ±0.1% in the wt% 
K20/CaO ratio propagates to an error of only ±3 Ma in the 40K-40Ca model age for wt% K20/CaO 
ratios < 1 and for model ages < 2.0 Ga). If the measured K20/CaO ratios represent maximum estimates 
for the source regions of the kimberlitic and lamproitic magmas (due to the greater incompatibility of 
potassium relative to calcium), these model ages represent the minimum time required for the radiogenic 
Ca to evolve prior to emplacement of the intrusions (i.e. add emplacement ages to model ages to give the 
time from the present). The Greenland kimberlite 40K-40Ca model ages are older than the age of the 
Earth, indicating that some proportion of the radiogenic Ca is unsupported. The K/Ca ratios of the 
kimberlites or their sources must therefore have been lowered at some time during their history. It is 
likely that the calcium contents (and K/Ca ratios) of the kimberlites have been increased by magmatic 
processes during their generation, possibly due to the greater solubility of C 032' in silicate melts at 
depths of ~25 kbar. U-Pb ion microprobe zircon ages of up to 3820 Ma have been reported from a 
tonalitic Amitsoq gneiss from the nearby Godthäb region of southern west Greenland (Kinny 1986). 
Assuming that the kimberlite sources are this age or younger, a K20/CaO ratio of at least 0.298 ±0.049 
is required for the measured 40Ca/42Ca ratio found in the kimberlites (£Ca of +2.68 ±0.46) to have 
evolved within this time. This is almost 3 times higher than the average wt% K^O/CaO ratio of 0.104 
presently found in the kimberlites.
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A further surprising feature of the Ca isotopic results obtained for the Greenland kimberlites is that 
their radiogenic Ca is not accompanied by radiogenic Sr isotopic compositions (see Table 6.1) as might 
be anticipated from consideration of the similar geochemical behavior of K and Rb and of Ca and Sr. 
Although the radiogenic Ca may be due to interaction of the kimberlitic magma with the upper 
continental crust, either during or following emplacement, the unradiogenic Sr isotopic compositions of 
the kimberlites are not consistent with this proposal. The kimberlites also possess relatively radiogenic 
Nd isotopic compositions (with £Nd of between +1.3 and +3.9; see Table 6.2) and isotopically resemble 
carbonatites and some ocean-island basalts (see discussion in Chapter 8, especially 8.5.3). One plausible 
explanation for the puzzling Ca isotopic compositions of the kimberlites is that the Ca (and presumably 
other more compatible major elements) has been decoupled from, and has undergone entirely different 
histories to, the trace elements (such as Sr and Nd). The major elements may have been derived from 
ancient sources with relatively high K/Ca but low abundances of trace elements such as Sr and Nd, 
possibly located within the subcontinental lithosphere, whereas the trace elements may have been 
introduced from another source.
Model 40K-40Ca ages for the Greenland lamproites #5611 and #5622 are 3400 +700/_5oo Ma anc* 
2060 +570/_860 Ma respectively. Using the average lamproite wt% K^O/CaO ratio of 1.35 (the mean of 
4 lamproite analyses given in Table 6.1) and the mean measured lamproite 40Ca/42Ca ratio (£Ca = +4.77 
±1.05), the 40K-40Ca model age is 2400 +270/_320 ^4a- This model age is -1200 Ma older than the 
emplacement age of the lamproites. If the greater incompatibility of potassium relative to calcium caused 
an increase in the K/Ca ratio during generation of the lamproite magmas, this model age will 
under-estimate the time required to generate the observed radiogenic 40Ca/42Ca ratios. The lamproite 
40K-40Ca model ages are in general accord with model ages inferred from their 147Sm-143Nd isotopic 
systematics. The 40K-40Ca isotopic systematics of the Greenland lamproites therefore do not require the 
derivation of their major- and trace-element components from sources which have undergone different 
evolutionary histories.
9.4.4 Chemical and clastic sediments from old terrains
The Ca isotopic results obtained on gypsum samples provides unequivocal evidence that most of the 
calcium within the gypsums has not been derived directly from the oceans. Sulphur isotopic analysis of 
the gypsum samples indicates that they possess 534S values of between +16 and +20 %o (A.R. Chivas 
and B. Lyons, personal communication). By contrast, Donnelly et al. (1977) analysed sulphides in 52 
sedimentary rock samples from the Archaean Yilgam Block for their sulphur isotopic compositions and 
found that the sediments possessed 834S values between -7.6 and +5.2 %o. These authors argued that the 
sulphide within the sediments was predominantly of magmatic origin and was probably precipitated from 
hydrothermal solutions. The bulk of the sulphate in the gypsum samples therefore could not be derived 
from the surrounding continental crust, but may have been derived from the oceans and carried inland, in 
rainwater or as aerosol, possibly in the form of dilute sulphuric acid. Alternatively, the gypsums could 
have formed by the evaporation of brines trapped within inland lakes if the sulphate concentration in the 
brines was substantially higher than the calcium concentration. Most of the calcium could then have been
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Fig. 9.5 Curves of possible 87Rb/86Sr and ^ K /^ C a  values for the crustal catchment 87Sr/86Sr and 
^C a /^C a  ratios represented by the gypsum samples. The curves have been calculated assuming that the 
continental crust differentiated from a mantle with 87Rb/86Sr =0.090, 40K/42Ca = 0.00018, present-day 
87Sr/86Sr = 0.70478 and present-day 40Ca/42Ca = 151.078. The ticks on the curves are crustal residence 
times corresponding to the 87Rb/86Sr and 40K/*2Ca ratios. The curves for the 5 gypsum samples do not 
intersect, indicating that the crustal catchments have had unique histories of [K/Ca]/[Rb/Sr],
derived by interaction with the surrounding upper crust.
Assuming that most of the Sr and Ca within the gypsum samples has been derived from the 
surrounding crustal catchment and that the Sr and Ca isotopic characteristics of the gypsums represent 
average values for the region, the relationship between the average K/Ca and Rb/Sr ratios of the crustal 
catchment can be determined. This relationship is shown in Fig. 9.5, in which the curves represent the 
loci of 87Rb/86Sr and 40K/42Ca ratios required in order to evolve the observed 87Sr/86Sr and 40Ca/42Ca 
values. These ratios are also dependent on the regional mean crustal residence time, or the time at which 
the crust differentiated from the Earth's mantle. The curves have been calculated assuming that the 
continental crust was extracted, during single short-lived differentiation events, from a mantle having a 
constant 87Rb/86Sr of 0.090 and present-day 87Sr/86Sr of 0.70478 (corresponding to an 87Sr/86Sr of 
0.6988 at 4.55 Ga). For reasonable crustal residence times of between 1.5 and 4.0 Ga, the gypsum 
samples require 40K/42Ca and 87R b/86Sr ratios of 0.01 to 0.08 and 0.2 to 2.0 respectively, 
corresponding to K^O/CaO and Rb/Sr ratios of 0.46 to 3.70 and 0.07 to 0.70. These K^O/CaO and 
Rb/Sr ratios are respectively ~5.5 to 44 and ~2 to 22 times the corresponding values of the Earth’s mantle 
(i.e. mantle K^O/CaO = 0.08 and Rb/Sr = 0.031). A narrower range of ^ K /^ C a  and 87Rb/86Sr values 
for each gypsum catchment can also be determined from Fig. 9.5 if the crustal residence time is assumed 
from the regional field geology. As mixing with mantle- or seawater-derived Sr and Ca will reduce the
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observed 40Ca/42Ca and 87Sr/86Sr values of the gypsums, the calculated K^O/CaO and Rb/Sr ratios 
probably represent minimum estimates of the values required to evolve the Ca and Sr isotopic 
characteristics of the surrounding crust. The curves for the gypsum samples do not intersect, indicating 
that the crustal regions sampled by the gypsums have undergone unique histories of [K/Ca]/[Rb/Sr]. A 
minimum range of 0.2 to 0.7 for 87Rb/86Sr is indicated for the 5 continental crustal regions examined.
The calcium isotopic results obtained for the Mt Narryer clastic sediments (see Table 9.6) 
demonstrate that substantial radiogenic enrichments in 40Ca may occur in pelitic sediments from ancient 
terrains. However, the results also suggest that the K-Ca isotope system has not remained closed. 
Although Froude et al. (1983) reported ion microprobe U-Pb zircon ages of 4.1 to 4.2 Ga from the Mt 
Narryer region, these authors argued that the sediments hosting these old zircons are unlikely to be older 
than ~3.5 Ma. The 3-point K-Ca isochron age of 4.17 ±0.38 Ga defined by the Mt Narryer sediments 
(Fig. 9.4) is therefore unlikely to represent the depositional age of the sediments. The slope of this 
isochron is largely controlled by pelite sample AUS-52, which has an unrealistically old 40K-40Ca model 
age of 4.39 Ga (Table 9.6). Furthermore, the other Mt Narryer sediments analysed have either 
unrealistically old (i.e. AUS-75; the error on this 40K-40Ca model age is large because of the low K/Ca 
ratio) or undefined (i.e. AUS-81) 40K-40Ca model ages, indicating that there has been some 
re-mobilisation of K and/or Ca.
The results obtained for the Mt Narryer sediments suggest that although substantial enrichments in 
40Ca may be generated in sufficiently ancient pelitic sediments, the mobility of K and/or Ca may limit 
the potential usefulness of the K-Ca decay scheme as a means of dating sediments by either of the K-Ca 
isochron and model age methods.
Summary
This study has demonstrated that, using relatively simple chemical and mass spectrometry 
procedures, the K-Ca method can be successfully applied to a variety of petrogenetic and geochronological 
problems. In the case of its application to igneous rocks, it has been shown that the K-Ca isotope 
system can provide valuable petrogenetic information which cannot be obtained by other techniques.
The 40Ca/42Ca results obtained for all rock-types examined in this study are summarised in Fig. 
9.6. The main conclusions which can be drawn from the results of this study are;
1. The 40Ca/42Ca ratio of the calcium isotopic standard prepared from the Tridacna Gigas shell is 
indistinguishable from the value measured in oceanic basalts. This implies that the 40Ca/42Ca 
ratio of modem seawater is identical, within the levels of precision presently attainable, to that of 
the Earth's mantle.
2. Relative to the Famous area mid-ocean ridge basalts, no measurable enrichments in 40Ca were 
detected in either Hawaiian ocean-island basalts, Banda and Aleutian island-arc calc-alkaline lavas 
or a Banda arc trough sediment. Application of the 40K-40Ca decay scheme to the identification 
of recycled crustal material in island-arc and ocean-island lavas is likely to be hindered by the 
buffering of any radiogenic Ca derived from the upper contental crust by unradiogenic marine- 
and/or mantle-derived Ca.
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Fig. 9.6 Summary of 40Ca/42Ca results for various rock-types examined during this study. The 
horizontal lines delimit the 2a boundaries of the mantle value (as given by the mid-ocean ridge basalt 
analysis). Error-bars are ±0.028 or 2a  limits for an individual analysis. In some instances (for example, 
the central west Greenland kimberlites), the results of a number of runs have been pooled and the 
analytical error for these pooled groups is less than that which applies for a single analysis.
3. Carbonatite samples from 9 carbonatite complexes possess 40Ca/42Ca ratios which are 
statistically indistinguishable from those of oceanic basalts. The results obtained for one 
carbonatite sample, from the Ugandan Sukulu complex, suggest that the carbonatite may possess 
a small enrichment in 40Ca.
4. Relatively undifferentiated lavas from the Western Australian, Gaussberg and Spanish potassic 
suites possess 40Ca/42Ca ratios which are analytically indistinguishable from the value found in 
oceanic basalts and carbonatites. This suggests that; a), the increase in K/Ca of the sources of 
these potassic magmas has not occurred synchronously with the trace-element enrichment (in 
particular, the enrichment in the light rare-earth elements) but at some later time; b). the K/Ca 
ratio of the magmas has been increased substantially during partial melting, melt extraction 
and/or differentiation, or c). the calcium in the magmas has been diluted by mixing with calcium 
derived from other sources.
5. Resolvable enrichments in 40Ca abundance are present in kimberlitic and potassic dykes from 
central west Greenland. In the case of the Greenland kimberlites, the radiogenic 40Ca/42Ca is 
unsupported, with the K20/CaO ratio of the kimberlites being ~l/3 of the value required to 
generate the 40Ca enrichment. As the radiogenic 40Ca/42Ca is not accompanied by radiogenic 
87Sr/86Sr or unradiogenic 143Nd/144Nd, it is likely that the kimberlite major- and trace-element 
components have been decoupled, with much of the major elements possibly derived from the 
subcontinental lithosphere of the Greenland region and the trace elements derived from some other
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source (possibly located in the asthenosphere; see discussion in Chapter 8). The radiogenic 
40Ca/42Ca ratio found in the central west Greenland lamproites is consistent with their 
derivation from subcontinental lithospheric sources which have undergone enrichment in K and 
the incompatible trace elements at least ~2 Ga ago and at least 1 Ga prior to their emplacement.
6. Chemical and pelitic clastic sediments from ancient (Archaean and early Proterozoic) terrains 
possess substantial enrichments in 40Ca relative to oceanic basalts. Calcium extracted from 
gypsum samples from Western Australian evaporite deposits has largely been derived from the 
surrounding crustal basement. The results obtained for the pelitic sediments indicate that the 
4°K-40Ca isotope system has not remained closed.
Apart from the insights offered by its application as a petrogenetic tracer to the genesis of highly 
potassic igneous rocks, perhaps the most promising future application of the 40K-40Ca isotope system is 
suggested by the results obtained for crustal rocks from ancient terrains. In particular, when applied in 
conjunction with other stable and radiogenic isotope schemes, the 40K-40Ca system may prove useful in 
the examination of intra-crustal weathering processes and recycling rates.
REFERENCES
132
Introduction and Section A.
Addy S.K. (1979) Rare earth element patterns in manganese nodules and micronodules from northwest 
Atlantic. Geochim. Cosmochim. Acta 43, 1105-1115.
Allegre C.J., Ben Othman D., Polve M. and Richard P. (1979) The Nd-Sr isotopic correlation in mantle 
materials and geodynamic consequences. Phys. Earth Planet. Interiors 19,293-306.
Allegre C.J., Richard P., Treuil M. and Joron J.L. (1979) Neodymium-strontium-lead isotopes and 
magmatophile elements (Zr, Hf, Ta, Th, U, Ba, Cs, Rb) in east-west Japan traverse. Consequences for 
island arc magmatism. (abstr.) Eos Trans. Amer. Geophys. Union 60,413-414.
Allegre C.J., Dupre B. and Brevart O. (1982) Chemical aspects of the formation of the core. Phil. Trans. 
Roy. Soc. London A 306, 49-59.
Allegre C.J., Dupre B., Richard P. and Rousseau D. (1982) Subcontinental versus oceanic mantle, II. 
Nd-Sr-Pb isotopic comparison of continental tholeiites with mid-ocean ridge tholeiites, and the structure 
of the continental lithosphere. Earth Planet. Sei. Lett. 57, 25-34.
Allegre CJ. and Jupart C. (1985) Continental tectonics and continental kinetics. Earth Planet. Sei. Lett. 
74, 171-186.
Amari S. and Ozima M. (1985) Search for the origin of exotic Helium in deep-sea sediments. Nature 
317, 520-522.
Arana V. and Vegas R. (1974) Plate tectonics and volcanism in the Gibraltar arc. Tectonophys. 24, 
197-212.
Andrews J.R. and Emeleus C.H. (1976) Kimberlites of West Greenland. In Geology of Greenland (eds. 
A. Escher and W.S. Watt). Grpnlands Geologiske Undersdgelse, Copenhagen, pp. 575-581.
Armstrong R.L. (1968) A model for Sr and Pb isotope evolution in a dynamic earth. Rev. Geophys. 6, 
175-199.
Armstrong R.L. (1981) Radiogenic isotopes: the case for crustal recycling on a near-steady-state 
no-continental-growth Earth. Phil. Trans. Roy. Soc. London A 301, 443-472.
Atkinson W.J., Hughes F.E. and Smith C.B. (1984) A review of the kimberlitic rocks of Western 
Australia. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. Komprobst). Elsevier, Amsterdam, 
pp. 195-224.
Bak J., Sprensen K., Grocott J., Korstgärd J.A., Nash D. and Watterson J. (1975) Tectonic implications 
of Precambrian shear belts in western Greenland. Nature 254, 566-569.
Barbieri F., Gasparini P., Innocenti F. and Villari L. (1973) Volcanism of the southern Tyrrhenian Sea 
and its geodynamic implications. J. Geophys. Res. 78, 5221-5232.
Bell K. and Powell J.L. (1970) Strontium isotopic studies of alkalic rocks: the alkalic complexes of 
eastern Uganda. Geol. Soc. Amer. Bull. 81, 3481-3490.
Bellon H. and Letousey J. (1977) Volcanism related to plate-tectonics in the western and eastern 
Mediterranean Basins. Technip., Paris, pp. 165-184.
Birch W.D. (1978) Mineralogy and geochemistry of the leucitite at Cosgrove, Victoria. J. Geol. Soc. 
Aust. 25, 369-385.
Bishop A.C. and Woolley A.R. (1973) A basalt-trachyte-phonolite series from Ua-Pu, Marquesas Islands, 
Pacific Ocean. Contrib. Mineral. Petrol. 39, 309-326.
133
Black L.P. and James P.R. (1983) Geological history of the Archaean Napier Complex of Enderby Land. 
In Proceedings of the 4th International Symposium of Antarctic Earth Science, (eds. R.L. Oliver, P.R. 
James and J.B. Jago). Australian Academy of Science, Canberra, pp. 11-15.
Black L.P., Shaw R.D. and Stewart A.J. (1983) Rb-Sr geochronology of Proterozoic events in the 
Arunta Inlier, Central Australia. B.M.R. J. Aust. Geol. Geophys. 8, 129-137.
Borley G.D. (1967) Potassium-rich volcanic rocks from southeastern Spain. Mineral. Mag. 36, 
364-379.
Brooks C., James D.E. and Hart S.R. (1976) Ancient lithosphere: its role in young continental 
volcanism. Science 193, 1086-1094.
Brown L., Klein J., Middleton R., Sacks I.S. and Tera F. (1982) 10Be in island arc volcanoes and 
implications for subduction. Nature 299, 718-720.
Calvert S.E. (1976) The mineralogy and geochemistry of near-shore sediments. In Chemical 
Oceanography, (eds. J.P. Riley and R. Chester). Vol. 6, 2nd edition. Academic Press, London, pp. 
187-280.
Carmichael I.S.E. (1967) The mineralogy and petrology of the volcanic from the Leucite Hills, 
Wyoming. Contrib. Mineral. Petrol. 15, 24-66.
Catanzaro E.J., Murphy T.J., Shields W.R. and Gamer E.L. (1968) Absolute isotopic abundance ratios 
of common, equal atom, and radiogenic lead isotopic standards. J. Res. Nat. Bureau Stand. (U.S.) 72A, 
261-267.
Chase C.G. (1981) Oceanic island Pb: Two stage histories and mantle evolution. Earth Planet. Sei. 
Lett. 52, 277-284.
Chester R. and Aston S.R. (1976) The geochemistry of deep sea sediments. In Chemical Oceanography. 
(eds. J.P. Riley and R. Chester). Vol. 6,2nd edition. Academic Press, London, pp. 281-390.
Civetta L., Innocenti F., Manetti P., Peccerillo A. and Poli G. (1981) Geochemical characteristics of 
potassic volcanics from Mts Emici (southern Latium, Italy). Contrib. Mineral. Petrol. 78, 37-47.
Chow T.J. and Patterson C.C. (1962) The occurrence and significance of Pb isotopes in pelagic 
sediments. Geochim. Cosmochim. Acta 26, 263-308.
Church S.E. (1973) Limits of sediment involvement in the genesis of orogenic volcanic rocks. Contrib. 
Mineral. Petrol. 39, 17-32.
Cohen R.S. and O'Nions R.K. (1982a) The lead, neodymium and strontium isotopic structure of ocean 
ridge basalts. J. Petrol. 23, 299-324.
Cohen R.S. and O'Nions R.K. (1982b) Identification of recycled continental material from Sr, Nd and Pb 
isotope investigations. Earth Planet. Sei. Lett. 61, 73-84.
Collerson K.D. and McCulloch M.T. (1983) Nd and Sr isotope geochemistry of leucite-bearing lavas 
from Gaussberg, East Antarctica. In Proceedings of the 4th International Symposium of Antarctic Earth 
Science, (eds. R.L. Oliver, P.R. James and J.B. Jago). Australian Academy of Science, Canberra, pp. 
676-680.
Cooper J.A. and Green D.H. (1969) Lead isotope measurements on lherzolite inclusions and host 
basanites from western Victoria, Australia. Earth Planet. Sei. Lett. 6, 69-76.
Craddock C. (1975) Tectonic evolution of the Pacific margin of Gondwanaland. In Gondwana Geology. 
(ed. K.S.W. Campbell). Australian National University Press, Canberra, pp. 609-618.
Crook K.A.W. (1980) Fore-arc evolution in the Tasman Geosyncline: the origin of the southeast 
Australian continental crust. J. Geol. Soc. Aust. 27, 215-232.
134
Cumming G.L. and Richards J.R. (1975) Ore lead isotope ratios in a continuously changing Earth. 
Earth Planet. Sei. Lett. 28, 155-171.
Cundari A. (1973) Petrology of the leucite-bearing lavas in New South Wales. J. Geol. Soc. Aust. 20, 
465-492.
Cundari A. (1979) Petrogenesis of leucite-bearing lavas in the Roman volcanic region, Italy. The 
Sabatini lavas. Contrib. Mineral. Petrol. 70, 9-21.
Cundari A. (1980) Role of subduction in the genesis of leucite-bearing rocks: facts or fashion? Contrib. 
Mineral. Petrol. 73, 432-434.
Dasch E.J., Dymond J. and Heath G.R. (1971) Isotopic analysis of metalliferous sediments from the East 
Pacific Rise. Earth Planet. Sei. Lett. 13, 175-180.
Dasch E.J. (1981) Lead isotopic composition of metalliferous sediments from the Nazca plate. Geol. 
Soc. Amer. Memoir 154, 199-209.
DePaolo D.J. (1979) Implications of correlated Nd and Sr isotopic variations for the chemical evolution 
of the crust and mantle. Earth Planet. Sei. Lett. 43, 201-211.
Dickinson W.R. and Hatherton T. (1967) Andesitic volcanism and seismicity around the Pacific. Science 
157, 801-803.
Dosso L, Vidal P., Cantagrel J.M., Lameyre J. and Marot S.Z. (1979) "Kerguelen: continental fragment 
or ocean island?":petrology and isotopic geochemistry evidence. Earth Planet. Sei. Lett. 43, 44-60.
Duncan R.A. (1981) Hotspots in the southern oceans- an absolute frame of reference for motion of the 
Gondwana continents. Tectonophys. 74, 2942.
Duncan R.A., McCulloch M.T., Barscus H.G. and Nelson D.R. (1986) Plume versus lithospheric 
sources for melts at Ua Pu, Marquesas Islands. Nature 322, 534-538.
Dupre B. and Allegre C.J. (1980) Pb-Sr-Nd isotopic correlation and chemistry of North Atlantic mantle. 
Nature 286, 17-22.
Dupre B., Chauvel C. and Arndt N.T. (1984) Pb and Nd isotopic study of two Archean komatiitic flows 
from Alexo, Ontario. Geochim. Cosmochim. Acta 48, 1965-1972.
Dupuy C, Vidal P., Barscus H.G. and Chauvel C. (1987) Origin of basalts from the Marquesas 
Archipelago (south central Pacific Ocean): isotope and trace element constraints. Earth Planet. Sei. Lett. 
82, 145-152.
Edgar A.D. (1980) Role of subduction in the genesis of leucite-bearing rocks: discussion. Contrib. 
Mineral. Petrol. 73,429-431.
Eggler D.H. (1978) The effect of C 02 upon partial melting of peridotite in the system Na20-CaO- 
Al20 3-Mg0-Si02-C02 to 34 Kb, with an analysis of melting in a peridotite-H20 -C 0 2 system. Amer. 
J. Sei. 278, 305-343.
Elderfield H., Hawkesworth C.J., Greaves M.J. and Calvert S.E. (1981) Rare earth element geochemistry 
of oceanic ferromanganese nodules and associated sediments. Geochim. Cosmochim. Acta 45, 513-528.
Erlank A.J. and Kable E.D.J. (1976) The significance of incompatible elements in Mid-Atlantic Ridge 
basalts from 45° N with particular reference to Zr/Nb. Contrib. Mineral. Petrol. 54, 281-291.
Ferrara G., Laurenzi M.A., Taylor H.P., Tonarini S. and Turi B. (1985) Oxygen and strontium isotope 
studies of K-rich volcanic rocks from the Alban Hills, Italy. Earth Planet. Sei. Lett. 75, 13-28.
Foden J.D. and Vame R. (1980) The petrology and tectonic setting of Quartemary-Recent volcanic 
centres of Lombok and Sumbawa, Sunda arc. Chem. Geol. 30, 201-226.
135
Foley S.F. (1985) The oxidation state of lamproitic magmas. Tschermaks Mineral. Petrog. Mitt. 34, 
217-238.
Foley S.F., Taylor W.R. and Green D.H. (1986) The effects of flourine on phase relationships in the 
system KAlSi04-MgSi04-Si02 with application to the genesis of ultrapotassic rocks. Contrib. Mineral. 
Petrol. 94, 183-192.
Foley S.F., Venturelli G., Green D.H. and Toscani L. (1987) The ultrapotassic rocks: characteristics, 
classification, and constraints for petrogenetic models. Earth Sei. Rev. 24, 81-134.
Fraser K.J., Hawkesworth C.J., Erlank A.J., Mitchell R.H. and Scott-Smith B.H. (1985) Sr, Nd and Pb 
isotope and minor element geochemistry of lamproites and kimberlites. Earth Planet. Sei. Lett. 76, 
57-70.
Fyfe W.S. and McBimey A.R. (1975) Subduction and structure of andesitic volcanic belts. Amer. J. Sei. 
275A, 285-297.
Galer S.J.G. and O'Nions R.K. (1985) Residence time of thorium, uranium and lead in the mantle with 
implications for mantle convection. Nature 316, 778-782.
Gill J.B. (1984) Sr-Pb-Nd isotopic evidence that both MORB and OIB sources contribute to ocean island 
arc magmas in Fiji. Earth Planet. Sei. Lett. 68, 443-458.
Gill J.B., Stork A.L. and Whelan P.M. (1984) Volcanism accompanying back-arc basin development in 
the southwest Pacific. Tectonophys. 102, 207-224.
Goldstein S.L. and O'Nions R.K. (1981) Nd and Sr isotopic relationships in pelagic clays and 
ferromanganese deposits. Nature 292, 324-327.
Green D.H. (1976) Experimental petrology in Australia- a review. Earth Sei. Rev. 12, 99-138.
Gupta A.K. and Yagi K. (1980) Petrology and Genesis of the Leucite-bearing Rocks. Springer-Verlag, 
Berlin. 252p.
Hamilton P.J., O'Nions R.K., Bridgewater D. and Nutman A. (1983) Sm-Nd studies of Archaean 
metasediments and metavolcanics from West Greenland and their implications for the Earth's early history. 
Earth Planet. Sei. Lett. 62, 263-272.
Hansen K. (1981) Systematic Sr-isotopic variation in alkaline rocks from West Greenland. Lithos 14, 
183-188.
Hart S.R. (1971) K, Rb, Cs, Sr and Ba contents and Sr isotope ratios of ocean floor basalts. Phil. 
Trans. Roy. Soc. London A 268, 573-587.
Hatherton T. and Dickinson W.R. (1968) Andesite volcanism and seismicity in New Zealand. J. 
Geophys. Res. 73, 4615-4619.
Hatherton T. and Dickinson W.R. (1969) The relationship between andesitic volcanism and seismicity in 
Indonesia, the Lesser Antilles and other island arcs. J. Geophys. Res. 74, 5301-5310.
Hawkesworth C.J. and Vollmer R. (1979) Crustal contamination versus enriched mantle: 143Nd/144Nd 
and 87Sr/86Sr evidence from the Italian volcanics. Contrib. Mineral. Petrol. 69,151-165.
Hawkesworth C.J., Erlank A.J., Marsh J.S., Menzies M.A. and van Calsteren P. (1983) Evolution of 
the continental lithosphere: evidence from volcanics and xenoliths in southern Africa. In Continental 
Basalts and Mantle Xenoliths. (eds. CJ. Hawkesworth and M.J. Norry). Shiva Ltd., London, pp. 
111-138.
Hoefs J. and Wedepohl K.H. (1968) Strontium isotope studies on young volcanic rocks from Germany 
and Italy. Contrib. Mineral. Petrol. 19, 328-338.
136
Hoefs J., Faure G. and Elliot D.H. (1980) Correlation of 6 180  and initial 87Sr/86Sr ratios in 
Kirkpatrick basalt on Mt. Falla, Transantarctic Mountains. Contrib. Mineral. Petrol. 75, 199-203.
Hofmann A.W. and White W.M. (1980) The role of subducted oceanic crust in mantle evolution. 
Carnegie Inst. Wash. Yearb. 79, 477-483.
Hofmann A.W. and White W.M. (1982) Mantle plumes from ancient oceanic crust. Earth Planet. Sei. 
Lett. 57, 421-436.
Hole M.J., Saunders A.D., Marriner G.F. and Tarney J. (1984) Subduction of pelagic sediments: 
implications for the origin of Ce-anomalous basalts from the Marinas Islands. J. Geol. Soc. London 
141, 453-472.
Holm P.M. and Munksgaard N.C. (1982) Evidence for mantle metasomatism: an oxygen and strontium 
isotope study of the Vulsinian District, Central Italy. Earth Planet. Sei. Lett. 60, 376-388.
Hussong D.M., and Uyeda S. (1981) Tectonic processes and the history of the Mariana arc: a synthesis of 
the results of Deep Sea Drilling Project Leg 60. In Initial Reports of the Deep Sea Drilling Project 60, 
909-929. U.S. Government Printing Office, Washington.
Ito E., White W.M. and Göpel C. (1987) The O, Sr, Nd and Pb isotope geochemistry of MORB. Chem. 
Geol. 62, 157-176.
Jacobsen S.B. and Wasserburg G.J. (1979) The mean age of mantle and crustal reservoirs. J. Geophys. 
Res. 84, 7411-7427.
Jakes P. and White A.J.R. (1972) Major and trace element abundances in volcanic rocks of orogenic 
areas. Geol. Soc. Amer. Bull. 83, 29-40.
James P.R. and Tingey R.J. (1983) The Precambrian geological evolution of the east Antarctic 
metamorphic shield: a review. In Proceedings of the 4th International Symposium of Antarctic Earth 
Science, (eds. R.L. Oliver, P.R. James and J.B. Jago). Australian Academy of Science, Canberra, pp. 
5-10.
Jaques A.L., Lewis J.D., Smith C.B., Gregory G.P., Ferguson J., Chappell B.W., and McCulloch M.T. 
(1984a) The diamond-bearing ultrapotassic (lamproitic) rocks of the West Kimberley region, Western 
Australia. In Kimberlites I: Kimberlites and Related Rocks (ed. J. Komprobst). Elsevier, Amsterdam, 
pp. 225-254.
Jaques A.L., Webb A.W., Fanning C.M., Black L.P., Pidgeon R.T., Ferguson J., Smith C.B. and 
Gregory G.P. (1984b) The age of the diamond-bearing pipes and associated leucite lamproites of the 
West Kimberley region, Western Australia. B.MJZ. J. Aust. Geol. Geophys. 9, 1-7.
Jaques A.L., Lewis J.D. and Smith C.B. (1986a) The kimberlites and lamproites of Western Australia. 
Geol. Surv. West. Aust. Bull. 132.
Jaques A.L., Sheraton J.W., Hall A.E., Smith C.B., Sun S.-S., Drew R. and Foudoulis C. (1986b) 
Composition of crystalline inclusions and C-isotopic composition of Argyle and Ellendale diamonds, 
(extended abstr.) 4th Int. Kimberlite Conf., Perth. Geol. Soc. Aust. Abstr. Ser. 16, 426-430.
Karig D.E. and Kay R.W. (1981) Fate of sediments on the decending plate at convergent margins. Phil. 
Trans. Roy. Soc. London A 301, 233-251.
Kay R.W. (1980) Volcanic arc magmas: implication of a melting-mixing model for element recycling in 
the crust-upper mantle. J. Geol. 88,497-522.
Kay R.W. (1984) Elemental abundances relevant to identification of magma sources. Phil. Trans. Roy. 
Soc. London A 310, 535-547.
Kesson S.E. (1973) The primary geochemistry of the Monaro alkaline volcanics, southeastern Australia- 
evidence for upper mantle heterogeneity. Contrib. Mineral. Petrol. 42,93-108.
137
Kuehner S.M., Edgar A.D. and Arima M. (1981) Petrogenesis of the ultrapotassic rocks from the Leucite 
Hills, Wyoming. Amer. Mineral. 66, 663-677.
Kurasawa H. (1968) Isotopic composition of lead and concentrations of uranium, thorium, and lead in 
volcanic rocks from Dogo and the Oki Islands, Japan. Geochem. J. 2, 11-28.
Kyle P.R., Pankhurst R.J. and Bowman J.R. (1983) Isotopic and chemical variations in Kirkpatrick 
Basalt Group rocks from southern Victoria Land. In Proceedings o f the 4th International Symposium of 
Antarctic Earth Science, (eds. R.L. Oliver, P.R. James and J.B. Jago). Australian Academy of Science, 
Canberra, pp. 234-237.
Langworthy A.P. and Black L.P. (1978) The potassic Mordor Complex, Central Australia. Contrib. 
Mineral. Petrol. 67, 51-62.
Larsen L.M., Rex D.C. and Secher K. (1983) The age of carbonatites, kimberlites and lamprophyres 
from southern West Greenland: recurrent alkaline magmatism during 2500 million years. Lithos 16, 
215-221.
Le Maitre R.W. (1962) Petrology of volcanic rocks, Gough Island, South Atlantic. Geol. Soc. Amer. 
Bull. 73, 1309-1340.
Lipman P.W., Protska H.J. and Christiansen R.L. (1972) Cenozoic volcanism and plate tectonic 
evolution of the western United States. Phil. Trans. Roy. Soc. London A 271, 217-248.
Liu Y.-G. and Schmitt R.A. (1984) Chemical profiles in sediment and basalt samples from Deep Sea 
Drilling Project Leg 74, Hole 525A, Walvis Ridge. In Initial Reports of the Deep Sea Drilling Project 
74, 713-730. U.S. Government Printing Office, Washington.
McCulloch M.T. and Perfit M.R. (1980) 143Nd/144Nd, 87Sr/86Sr and trace element constraints on the 
petrogenesis of Aleutian island arc magmas. Earth Planet. Sei. Lett. 56, 167-179.
McCulloch M.T. and Wasserburg G.J. (1981) Sm-Nd and Rb-Sr chronology of continental crust 
formation. Science 200, 1003-1011.
McCulloch M.T. and Chappell B.W. (1982) Nd isotopic characteristics of S- and I- type granites. Earth 
Planet. Sei. Lett. 58, 51-64.
McCulloch M.T., Jaques A.L., Nelson D.R. and Lewis J.D. (1983) Nd and Sr isotopes in kimberlites 
and lamproites from Western Australia: an enriched mantle origin. Nature 302,400-403.
McDonough W.F., McCulloch M.T. and Sun S-S. (1985) Isotopic and geochemical systematics in 
Tertiary-Recent basalts from southeastern Australia and implications for the evolution of the 
subcontinental lithosphere. Geochim. Cosmochim. Acta 49, 2051-2068.
McKenzie D. (1985) The extraction of magma from the crust and mantle. Earth Planet. Sei. Lett. 74, 
81-91.
McKenzie D. and O'Nions R.K. (1983) Mantle reservoirs and ocean island basalts. Nature 301, 229-231.
McLennan S.M. and Taylor S.R. (1981) Role of subducted sediments in island-arc magmatism: 
constraints from REE patterns. Earth Planet. Sei. Lett. 54, 423-430.
McLennan S.M. (1982) On the geochemical evolution of sedimentary rocks. Chem. Geol. 37, 335-350.
McLennan S.M. and Taylor S.R. (1983) Geochemical evolution of Archean shales from South Africa. 1. 
The Swaziland and Pongola Supergroups. Precamb. Res. 22, 93-124.
McLennan S.M., Taylor S.R. and McGregor V.R. (1984) Geochemistry of Archean rocks from West 
Greenland. Geochim. Cosmochim. Acta 48, 1-13.
138
Meijer A. (1976) Pb and Sr isotopic data bearing on the origin of volcanic rocks from the Marianas 
island arc system. Geol. Soc. Amer. Bull. 87, 1358-1369.
Menzies M. A. and Murthy R. (1980) Enriched mantle: Nd and Sr isotopes in diopsides from kimberlite 
nodules. Nature 283,634-636.
Milledge H.J., Mendelssohn M.J., Seal M., Rouse J.E., Swart P.K. and Pillinger C.T. (1983) Carbon 
isotopic variations in spectral type 2 diamonds. Nature 303, 791-792.
Miller R.G. and ONions R.K. (1985) Source of Precambrian chemical and clastic sediments. Nature 
314, 325-330.
Mittempergher M. (1965) Volcanism and petrogenesis in the S. Venanzo area, Italy. Bull. Volcanol. 28, 
85-94.
Moorbath S. (1975) Evolution of Precambrian crust from strontium isotopic evidence. Nature 254, 
395-398.
Moorbath S. (1978) Age and isotope evidence for the evolution of continental crust. Phil. Trans. Roy. 
Soc. London A 288, 401-413.
Morris J.D. and Hart S.R. (1980) Lead isotope geochemistry of the Banda arc. Eos Trans. Amer. 
Geophys. Union 61, 1157.
Morris J.D. and Hart S.R. (1983) Isotopic and incompatible element constraints on the genesis of island 
arc volcanics from Cold Bay and Amak Island, Aleutians, and implications for mantle structure. 
Geochim. Cosmochim. Acta 47, 2015-2030.
Nakamura E., Campbell I.H. and Sun S-S. (1985) The influence of subduction processes on the 
geochemistry of Japanese alkaline basalts. Nature 316, 55-58.
Nelson D.R., Crawford A.J. and McCulloch M.T. (1984) Nd-Sr isotopic and geochemical systematics in 
Cambrian boninites and tholeiites from Victoria, Australia. Contrib. Mineral. Petrol. 88,164-172.
Nelson D.R., McCulloch M.T. and Sun S.-S. (1986a) The origins of ultrapotassic rocks as inferred from 
Sr, Nd and Pb isotopes. Geochim. Cosmochim. Acta 50, 231-245.
Nelson D.R., McCulloch M.T. and Ringwood A.E. (1986b) Ultrapotassic magmas: end-products of 
subduction and mantle recycling of sediments? (extended abstr.) 4th Int. Kimberlite Conf., Perth. Geol. 
Soc. Aust. Abst. Ser. 16, 196-198.
Newman S., MacDougall J.D. and Finkei R.C. (1984) ^® T h-^^U  disequilibrium in island arcs: 
evidence from the Aleutians and the Marianas. Nature 308,268-270.
Nicholls I.A. and Whitford D.J. (1978) Geochemical zonation in the Sunda volcanic arc, and the origin 
of K-rich lavas. Bull. Aust. Soc. Explor. Geophys. 9, 93-98.
Ninkovich D. and Hays J.D. (1972) Mediterranean island arcs and origin of potash volcanoes. Earth 
Planet. Sei. Lett. 16, 331-345.
Nixon P.H., Thirwall M.F., Buckley F. and Davies C.J. (1984) Spanish and Western Australian 
lamproites: aspects of whole rock geochemistry. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. 
Komprobst). Elsevier, Amsterdam, pp. 285-296.
Nobel F.A., Andriessen P.A.M., Hebeda E.H., Priem H.N.A. and Rondeel H.E. (1981) Isotopic dating 
of the post-alpine neogene volcanism in the Betic Cordilleras, southern Spain. Geol. Mijnb. 60, 
209-214.
Norrish K. and Chappell B.W. (1967) X-ray fluorescence spectrography. In Physical Methods in 
Determinative Mineralogy, (ed. J. Zussman). Academic Press, Oxford, pp. 161-214.
139
Norrish K. and Hutton J.T. (1969) An accurate X-ray spectrographic method for the analysis of a wide 
range of geological samples. Geochim. Cosmochim. Acta 33, 431-453.
O'Nions R.K., Evensen N.M. and Hamilton P.J. (1979) Geochemical modelling of mantle differentiation 
and crustal growth. J. Geophys. Res. 84, 6091-6101.
O'Reilly S.Y. and Griffin W.L. (1984) Sr isotopic heterogeneity in primitive basaltic rocks, southeastern 
Australia: correlation with mantle metasomatism. Contrib. Mineral. Petrol. 87, 220-230.
Ozima M., Takayanagi, M., Zashu S. and Amari S. (1984) High 3He/4He ratio in ocean sediments. 
Nature 311,448-450.
Ozima M., Zashu S., Mattey D.P. and Pillinger C.T. (1985) Helium, argon and carbon isotopic 
compositions in diamonds and their implications in mantle evolution. Geochem. J. 19, 127-134.
Palacz Z.A. and Saunders A.D. (1986) Coupled trace element and isotope enrichment in the Cook- 
Austral- Samoa islands, southwest Pacific. Earth Planet. Sei. Lett. 79, 270-280.
Peccerillo A., Poli G. and Tolomeo L. (1984) Genesis, evolution and tectonic significance of K-rich 
volcanics from the Alban Hills (Roman comagmatic region) as inferred from trace element chemistry. 
Contrib. Mineral. Petrol. 86, 230-240.
Peccerillo A. (1985) Roman comagmatic province (central Italy): evidence for subduction-related magma 
genesis. Geology 13, 103-106.
Peng Z.C., Zartman R.E., Futa K. and Chen D.G. (1986) Pb-, Sr- and Nd-isotopic systematics and 
chemical characteristics of Cenozoic basalts, eastern China. Chem. Geol. (Isotope Geosci.) 59, 3-33.
Perfit M. R. and Kay R.W. (1986) Comment on "Isotopic and incompatible element constraints on the 
genesis of island arc volcanics from Cold Bay and Amak Island, Aleutians, and implications for mantle 
structure" by J.D. Morris and S.R. Hart. Geochim. Cosmochim. Acta 50, 477-481.
Powell J.L. and Bell K. (1970) Strontium isotopic studies of alkalic rocks. Localities from Australia, 
Spain, and the western United States. Contrib. Mineral. Petrol. 27, 1-10.
Reynolds P.H. and Dash E.J. (1971) Lead isotopes in marine manganese nodules and the ore-growth 
curve. J. Geophys. Res. 76, 5124-5129.
Richardson S.H., Erlank A.L., Duncan A.R. and Reid D.L. (1982) Correlated Nd, Sr and Pb isotope 
variation in Walvis Ridge basalts and implications for the evolution of their mantle source. Earth Planet. 
Sei. Lett. 59, 327-342.
Richardson S.H., Gurney J.J. Erlank A.L. and Harris J.W. (1984) Origin of diamonds in old enriched 
mantle. Nature 310, 198-202.
Ringwood A.E. (1977) Synthesis of pyrope-knorringite solid solution series. Earth Planet. Sei. Lett. 
36, 443-448.
Ringwood A.E. (1982) Phase transformations and differentiation in subducted lithosphere: implications 
for mantle dynamics, basalt petrogenesis and crustal evolution. J. Geol. 90, 611-643.
Roddick J.C. (1984) Emplacement and metamorphism of Archaean mafic volcanics at Kambalda, Western 
Australia- geochemical and isotopic constraints. Geochim. Cosmochim. Acta 48, 1305-1318.
Rogers N.W., Hawkesworth C.J., Parker R.J. and Marsh J.S. (1985) The geochemistry of potassic lavas 
from Vulsini, central Italy and implications for mantle enrichment processes beneath the Roman region. 
Contrib. Mineral. Petrol. 90, 244-257.
Salters VJ.M. and Barton M. (1985) The geochemistry of ultrapotassic lavas from the Leucite Hills, 
Wyoming, (abstr.) Eos Trans. Amer. Geophys. Union 66, 1109.
140
Sano Y., Toyoda K. and Wakita H. (1985) -^He/^He ratios of modem marine ferromanganese nodules. 
Nature 317, 518-520.
Scott B.H. (1979) Petrogenesis of kimberlites and associated potassic lamprophyres from central west 
Greenland. In Kimberlites, Diatremes and Diamonds: their Geology, Petrology, and Geochemistry, (eds. 
F.R. Boyd and H.O.A. Meyer). American Geophysical Union, Washington, pp. 190-205.
Scott B.H. (1981) Kimberlite and lamproite dykes from Holsteinsborg, West Greenland. Meddr. 
Grönland Geosci. 4, 24p.
Scott-Smith B.H., Danchin R.V., Harris J.W. and Stracke K.J. (1984) Kimberlites near Orroroo, South 
Australia. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. Komprobst). Elsevier, Amsterdam, 
pp. 121-142.
Shaw R.D., Langworthy A.P., Offe L.A., Stewart A.J., Allen A.R., Senior B.R. and Clarke D.B. 
(1979) Geological report on 1:100,000 scale mapping of the southeastern Arunta Block, Northern 
Territory. B.M.R. Aust. Rec. 1979/ 47: Microform MF 133.
Shaw R.D., Stewart A.J. and Black L.P. (1984) The Arunta Inlier: a complex ensialic mobile belt in 
central Australia. Part 2: tectonic history. Aust. J. Earth Sei. 31, 457-484.
Sheraton J.W. and Cundari A. (1980) Leucitites from Gaussberg, Antarctica. Contrib. Mineral. Petrol. 
71, 417-427.
Sheraton J.W. and England R.N. (1980) Highly potassic mafic dykes from Antarctica. J. Geol. Soc. 
Aust. 27, 1-18.
Sheraton J.W. and Black L.P. (1981) Geochemistry and geochronology of Proterozoic tholeiitic dykes of 
East Antarctica: evidence for mantle metasomatism. Contrib. Mineral. Petrol. 78, 305-317.
Sheraton J.W. (1983) Geochemistry of mafic igneous rocks of the northern Prince Charles Mountains, 
Antarctica. J. Geol. Soc. Aust. 30, 295-304.
Smith C.B. (1979) Rb-Sr mica ages of various kimberlites. In Chairmans Summaries and Poster 
Session Abstracts. Kimberlite Symposium II. Cambridge, July 1979. pp. 61-66.
Smith C.B. (1983) Pb, Sr and Nd isotopic evidence for sources of southern African Cretaceous 
kimberlites. Nature 304, 51-54.
Sobolev N.V., Galimov E.M., Ivanovskaya N.N. and Yefimova E.S. (1979) The carbon isotopic 
composition of diamonds containing crystalline inclusions. Dokl. Akad. Nauk. S.S.R. 249, 1217-1220.
Steiger R.H. and Jäger E. (1977) Subcommision on geochronology: convention on the use of decay 
constants in geo- and cosmochronology. Earth Planet. Sei. Lett. 36, 359-362.
Stewart A.J., Shaw R.D. and Black L.P. (1984) The Arunta Inlier: a complex ensialic mobile belt in 
central Australia. Part 1. stratigraphy, correlations and origin. Aust. J. Earth Sei. 31, 445-455.
Stracke K.J., Ferguson J. and Black L.P. (1979) Structural setting of kimberlites in south-eastern 
Australia. In Kimberlites, Diatremes and Diamonds: their Geology, Petrology, and Geochemistry, (eds. 
F.R. Boyd and H.O.A. Meyer). American Geophysical Union, Washington, pp. 71-91.
Sun S-S. (1980) Lead isotopic study of young volcanics from mid-ocean ridges, ocean islands and island 
arcs. Phil. Trans. Roy. Soc. London A 297, 409-445.
Sutherland F.L. (1983) Timing, trace and origin of basaltic migration in eastern Australia. Nature 305, 
123-126.
Swart P.K., Pillinger C.T., Milledge H.J. and Seal M. (1983) Carbon isotopic variation within 
individual diamonds. Nature 303, 793-795.
141
Tatsumoto M. and Knight R.J. (1969) Isotopic composition of lead in volcanic rocks from central 
Honshu- with regard to basalt petrogenesis. Geochem. J. 3, 53-86.
Tatsumoto M. (1973) Time differences in the formation of meteorites as determined from the ratio of 
lead-207 to lead-206. Science 180,1279-1283.
1 ftTaylor H.P. and Turi B. (1976) High iöO igneous rocks from the Tuscan magmatic Province, Italy. 
Contrib. Mineral. Petrol. 55, 33-54.
Taylor H.P., Turi B. and Cundari A. (1984) 180 /160  and chemical relationships in K-rich volcanic 
rocks from Australia, East Africa, Antarctica, and San Venanzo-Cupaello, Italy. Earth Planet. Sei. Lett. 
69, 263-276.
Taylor S.R. and Gorton M.P. (1977) Geochemical application of Spark Source Mass Spectrometry - III. 
Element sensitivity, precision, accuracy. Geochim. Cosmochim. Acta 41, 491-510.
Taylor S.R. and McLennan S.M. (1981) The composition and evolution of the continental crust: rare 
earth element evidence from sedimentary rocks. Phil. Trans. Roy. Soc. London A 301, 381-399.
Thompson R.N. (1977) Primary basalts and magma genesis. Contrib. Mineral. Petrol. 60, 91-108.
Thompson R.N., Morrison M.A., Hendry G.L. and Parry S.J. (1984) An assessment of the relative roles 
of crust and mantle in magma genesis: an elemental approach. Phil. Trans. Roy. Soc. London A 310, 
549-590.
Thompson J., Carpenter M.S.N., Colley S., Wilson T.R.S., Elderfield H. and Kennedy H. (1984) Metal 
accumulation rates in northwest Atlantic pelagic sediments. Geochim. Cosmochim. Acta 48, 1935-1948.
Tilton G.R. (1983) Evolution of depleted mantle: the lead perspective. Geochim. Cosmochim. Acta 47, 
1191-1197.
Tingey R.J., McDougall I. and Gleadow A.J.W. (1983) The age and mode of formation of Gaussberg, 
Antarctica. J. Geol. Soc. Aust. 30, 241-24.
Tsuboi S. (1920) On a leucite rock vulsinite vicoite from Utsuryoto Island in the sea of Japan. Geol. 
Soc. Japan 27, 91-103.
Turi B. and Taylor H.P. (1976) Oxygen isotope studies of potassic volcanic rocks of the Roman 
Province, Central Italy. Contrib. Mineral. Petrol. 55, 1-31.
Unruh D.M. and Tatsumoto M. (1976) Lead isotopic compositions and uranium, thorium and lead 
concentrations in sediments and basalts from the Nazca Plate. In Initial Reports of the Deep Sea Drilling 
Project 34, 341-347. U.S. Government Printing Office, Washington.
Van Kooten G.K. (1981) Pb and Sr systematics of ultrapotassic and basaltic rocks from central Sierra 
Nevada, California. Contrib. Mineral. Petrol. 76, 378-385.
Vame R. (1985) Ancient subcontinental mantle: a source for K-rich orogenic volcanics. Geology 13, 
405-408.
Veeh H.H. (1981) Uranium and thorium isotopic investigations in metalliferous sediments of the 
northwest Nazca plate. In Nazca Plate: Crustal Formation and Andean Convergence, (ed. L.D. Kulm). 
Geol. Soc. Amer. Memoir 154, 251-267.
Veizer J. and Compston W. (1976) 87Sr/86Sr in Precambrian carbonates as an index of crustal evolution. 
Geochim. Cosmochim. Acta 40, 905-914.
Veizer J., Compston W., Hoefs J. and Nielsen H. (1982) Mantle buffering of the early oceans. 
Naturwissenschaften 69, 173-180.
Venturelli G., Capedri S., Di Battistini G., Crawford A., Kogarko L.N. and Celestini S. (1984) The 
ultrapotassic rocks of southeastern Spain. Lithos 7, 37-54.
Vidal P., Chauvel C. and Brousse R. (1984) Large mantle heterogeneity beneath French Polynesia. 
Nature 307, 536-538.
Vollmer R. (1976) Rb-Sr and U-Th-Pb systematics of alkaline rocks: the alkaline rocks of Italy. 
Geochim. Cosmochim. Acta 40, 283-295.
Vollmer R. (1977a) Terrestrial lead isotope evolution and the formation time of the Earth's core. Nature 
270, 144-147.
Vollmer R. (1977b) Isotopic evidence for genetic relations between acid and alkaline rocks in Italy. 
Contrib. Mineral. Petrol. 60, 109-118.
Vollmer R. and Hawkesworth C.J. (1980) Lead isotopic composition of the potassic rocks from 
Roccamonfina (South Italy). Earth Planet. Sei. Lett. 47, 91-101.
Vollmer R. and Norry M.T. (1983a) Possible origin of K-rich volcanic rocks from Virunga, East Africa, 
by metasomatism of continental crustal material: Pb, Nd and Sr isotopic evidence. Earth Planet. Sei. 
Lett. 64, 374-386.
Vollmer R. and Norry M.T. (1983b) Unusual isotopic variations in Nyiragongo nephelinites. Nature 
301, 141-143.
Vollmer R., Ogden P., Schilling J.-G., Kingsley R.H. and Waggoner D.G. (1984) Nd and Sr isotopes in 
ultrapotassic volcanic rocks from the Leucite Hills, Wyoming. Contrib. Mineral. Petrol. 87, 359-368.
Wade A. and Prider R.T. (1940) The leucite-bearing rocks in the West Kimberley area, Western Australia. 
Geol. Soc. London Q. J. 96, 39-98.
Walker G.P.L. (1962) Garronite, a new zeolite from Ireland and Iceland. Mineral. Mag. 33, 173-186.
Wass S.Y. and Rogers N.W. (1980) Mantle metasomatism- precursor to continental alkaline volcanism. 
Geochim. Cosmochim. Acta 44, 1811-1823.
Watterson J. (1974) Investigations on the Nagssugtoqidian boundary in the Holsteinsborg district, central 
west Greenland. Grönlands Geol. Unders. Rapp. 65, 33-37.
Weaver B.L., Wood D.A., Tamey J. and Joron J.L. (1986) Role of subducted sediment in the genesis of 
ocean-island basalts: geochemical evidence from South Atlantic Ocean islands. Geology 14,275-278.
Wedepohl K.H. and Muramatsu Y. (1979) The chemical composition of kimberlites compared with the 
average composition of three basaltic magma types. In Kimberlites, Diatremes and Diamonds: their 
Geology, Petrology and Geochemistry, (eds. F.R. Boyd and H.O.A. Meyer). American Geophysical 
Union, Washington, pp. 300-312.
Weiss D. and DeMaiffe D. (1985) A depleted mantle source for kimberlites from Zaire: Nd, Sr and Pb 
isotopic evidence. Earth Planet. Sei. Lett. 73, 269-277.
Wellman P., Cundari A. and McDougall I. (1970) Potassium-argon ages for leucite-bearing rocks from 
New South Wales, Australia. J. Proc. Roy. Soc. N.S.W. 103, 103-107.
Wellman P. (1973) Early Miocene potassium-argon age for the Fitzroy Lamproites of Western Australia. 
J. Geol. Soc. Aust. 19, 471-474.
Wellman P. (1974) Potassium-argon ages on the Cainozoic volcanic rocks of Eastern Victoria. J. Geol. 
Soc. Aust. 21, 359-376.
142
Wellman P. and McDougall I. (1974) Cainozoic igneous activity in eastern Australia. Tectonophys. 23, 
49-65.
143
Wendlandt R.F. (1984) An experimental and theoretical analysis of partial melting in the system 
KAlSi04-Ca0-M g0-Si02-C02 and applications to the genesis of potassic magmas, carbonatites and 
kimberlites. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. Komprobst). Elsevier, Amsterdam, 
pp. 359-369.
White W.M. and Bryan W.B. (1977) Sr-isotope, K, Rb, Cs, Sr, Ba, and rare earth geochemistry of 
basalts from the FAMOUS area. Geol. Soc. Amer. Bull. 88, 571-576.
White W.M. and Hoffman A.W (1982) Sr and Nd isotope geochemistry of oceanic basalts and mantle 
evolution. Nature 296, 821-825.
White W.M., Jenner G., Dupre B., Foden J. and Vame R. (1983) Pb isotope geochemistry of the Lesser 
Antilles and Sunda (Indonesia) island arcs, (abstr.) Eos Trans. Amer. Geophys. Union 64, 333-334.
White W.M. (1985) Sources of oceanic basalts: radiogenic isotopic evidence. Geology 13, 115-118.
White W.M., Dupre B. and Vidal P. (1985) Isotope and trace element chemistry of sediments from the 
Barbados Ridge-Demerara Plain region, Atlantic Ocean. Geochim. Cosmochim. Acta 49, 1875-1886.
Whitford D.J. (1975) Strontium isotopic studies of the volcanic rocks of the Sunda arc, Indonesia, and 
their petrogenetic implications. Geochim. Cosmochim. Acta 39, 1287-1302.
Whitford, D.J., Foden J.D. and Vame R. (1978) Sr isotope geochemistry of calc-alkaline and alkaline 
lavas from the Sunda arc in Lombok and Sumbawa, Indonesia. Carnegie Inst. Wash. Yearb. 77, 613-620.
Whitford D.J., White W.M. and Jezek P.A. (1981) Neodymium isotopic composition of Quartemary 
island arc lavas from Indonesia. Geochim. Cosmochim. Acta 45, 989-995.
Whitford D.J. and Jezek P.A. (1982) Isotopic constraints on the role of subducted sailic material in 
Indonesian island-arc magmatism. Geol. Soc. Amer. Bull. 93, 504-513.
Wilkinson J.F.K. (1977) Analcime phenocrysts in a vitrophyric analcimite- primary or secondary? 
Contrib. Mineral. Petrol. 64,1-10.
Windrim D.P. and McCulloch M.T. (1987) Nd and Sr isotopic systematics of central Australian 
granulites: chronology of the evolution of the lower crust. Contrib. Mineral. Petrol. 94, 289-303.
Wright E. and White W.M. (1986) The origin of Samoa: new evidence from Sr, Nd and Pb isotopes. 
Earth Planet. Sei. Lett. 81, 151-162.
Zindler A., Jagoutz E. and Goldstein S. (1982) Nd, Sr and Pb isotopic systematics in a three- component 
mantle: a new perspective. Nature 298, 519-523.
Zindler A., Staudigel H. and Batiza R. (1984) Isotope and trace element geochemistry of young Pacific 
seamounts: implications for scale of upper mantle heterogeneity. Earth Planet. Sei. Lett. 70, 175-195.
Section B.
144
Allegre C.J., Pineau F., Bemat M. and Javoy M. (1971) Geochemical evidence for the occurrence of 
carbonatites on the Cape Verde and Canary Islands. Nature 233, 103.
Allen J.B. and Deans T. (1965) Ultrabasic eruptives with alnöitic-kimberlitic affinities from Malaita, 
Solomon Islands. Mineral. Mag. 34, 16-34.
Allsopp H.L. and Eriksson S.C. (1986) The Phalaborwa complex; isotopic evidence for ancient 
lithospheric enrichment, (abstr.) Joint Ann. Meeting, G.A.C.-M.A.C., Carleton University, Ottawa, 
40.
Amaral G. (1978) Potassium-argon studies on the Jacupiranga alkaline district, state of Säo Paulo, 
Brazil. In Proceedings of the First International Symposium on Carbonatites. Brasilia, Department 
Nacional da Producao Mineral, pp. 297-302.
Anderson T.F. and Lawrence J.R. (1976) Stable isotope investigations of sediments, basalts and 
authigenic phases from Leg 35 cores. In Initial Reports of the Deep Sea Drilling Project 35, 497-505. 
U.S. Government Printing Office, Washington.
Baker B.H., Williams L.A.J., Miller J.A. and Fitch F.J. (1971) Sequence and geochronology of the 
Kenya rift volcanics. Tectonophys. 11, 191-215.
Bailey D.K. (1984) Kimberlite: the mantle sample formed by ultrametasomatism. In Kimberlites I: 
Kimberlites and Related Rocks, (ed. J. Komprobst). Elsevier, Amsterdam, pp. 323-357.
Barreiro B. (1983) An isotopic study of the Westland dyke swarm, South Island, New Zealand. Carnegie 
Inst. Wash. Yearb. 82, 471-475.
Barrera J.L., Fernandez Santin S., Fuster J.M. and Ibarrola E. (1981) Ijolitas-sienitas-carbonatitas de los 
macizos del norte del complejo plutonico basal de Fuerteventura (Islas Canarias). Bol. Geol. Mineral. 
(Madrid) 92, 309-321.
Barth T.F.W. and Ramberg I. (1966) The Fen complex. In Carbonatites. (eds. O.F. Tuttle and J. 
Gittins). Interscience, New York. pp. 225-257.
Basu A.R. and Tatsumoto M. (1980) Nd-isotopes in selected mantle-derived rocks and minerals and their 
implications for mantle evolution. Contrib. Mineral. Petrol. 75, 43-54.
Bell K. and Powell J.L. (1970) Strontium isotopic studies of alkalic rocks: the alkalic complexes of 
eastern Uganda. Geol. Soc. Amer. Bull. 81, 3481-3490.
Bell K., Dawson J.B. and Farquar R.M. (1973) Strontium isotope studies of alkalic rocks: the active 
carbonatite volcano Oldoinyo Lengai, Tanzania. Geol. Soc. Amer. Bull. 84, 1019-1030.
Bell K., Blenkinsop J., Cole T.J.S. and Menagh D.P. (1982) Evidence from Sr isotopes for long-lived 
heterogeneities in the upper mantle. Nature 298, 251-253.
Bell K. and Blenkinsop J. (1986) Carbonatites and the subcontinental mantle, (abstr.) Joint Ann. 
Meeting, G.A.C.-M.A.C., Carleton University, Ottawa, pp. 44.
Bell K. and Blenkinsop J. (1987a) Archean depleted mantle- evidence from Nd and Sr initial isotopic 
ratios of carbonatites. Geochim. Cosmochim. Acta 51, 291-298.
Bell K. and Blenkinsop J. (1987b) Nd and Sr isotopic compositions of East African carbonatites: 
implications for mantle heterogeneity. Geology 15, 99-102.
Bielski-Zyskind M., Wasserburg G.J. and Nixon P.J. (1984) Sm-Nd and Rb-Sr systematics in volcanics 
and ultramafic xenoliths from Malaita, Solomon Islands, and the nature of the Ontong Java Plateau. J. 
Geophys. Res. 89, 2415-2424.
145
Black L.P. and Gulson B.L. (1978) The age of the Mud Tank carbonatite, Strangways Range, Northern 
Territory. B.MF. J. Aust. Geol. Geophys. 3, 227-232.
Blattner P. and Cooper A.F. (1974) Carbon and oxygen isotopic composition of carbonatite dikes and 
metamorphic country rock of the Haast Schist terrain, New Zealand. Contrib. Mineral. Petrol. 4, 17-27.
Brey G., Brice W.R., Ellis D.J., Green D.H., Harris K.L. and Ryabchikov I.D. (1983) Pyroxene- 
carbonate reactions in the upper mantle. Earth Planet. Sei. Lett. 62, 63-74.
Chase C.G. (1981) Oceanic island Pb: Two stage histories and mantle evolution. Earth Planet. Sei. 
Lett. 52, 277-284.
Chen C.-Y. and Frey F.A. (1983) Origin of Hawaiian tholeite and alkali basalt. Nature 302, 785-789.
Cohen R.S. and O'Nions R.K. (1982a) The lead, neodymium and strontium isotopic structure of ocean 
ridge basalts. J. Petrol. 23, 299-324.
Cohen R.S. and O'Nions R.K. (1982b) Identification of recycled continental material in the mantle from 
Sr, Nd and Pb isotope investigations. Earth Planet. Sei. Lett. 61, 73-84.
Cohen R.S., O'Nions R.K. and Dawson J.B. (1984) Isotope geochemistry of xenoliths from East Africa: 
implications for development of mantle reservoirs and their interaction. Earth Planet. Sei. Lett. 68, 
209-220.
Deans T. and Powell J.L. (1968) Trace elements and strontium isotopes in carbonatites, fluorites and 
limestones from India and Pakistan. Nature 218, 750-752.
Degens E.T. (1969) Biogeochemistry of stable isotopes. In Organic Geochemistry, (eds. G. Eglinton and 
M.T.J. Murphy). Springer Verlag, New York. pp. 304-329.
Deines P. and Gold D.P. (1973) The isotopic composition of carbonatite and kimberlite carbonates and 
their bearing on the isotopic composition of deep-seated carbon. Geochim. Cosmochim. Acta 37, 
1709-1733.
DePaolo D.J. (1978) Nd and Sr isotope systematics of young continental igneous rocks. 4th Int. Isotope 
Conf., Geochronology, Cosmochronology, Isotope Geology. U.S. Geol. Surv. Open-File Rep. 78-701, 
91-93.
Derry L.A. and Jacobsen S.B. (1986) Nd and Sr isotopic measurements from the Fen Complex, south 
Norway, (abstr.) Eos Trans. Amer. Geophys. Union 67, 1265.
Des Marais D.J. and Moore J.G. (1984) Carbon and its isotopes in mid-oceanic basaltic glasses. Earth 
Planet. Sei. Lett. 69, 43-57.
Dupr6 B. and Allegre C.J. (1980) Pb-Sr-Nd isotopic correlation and chemistry of North Atlantic mantle. 
Nature 286, 17-22.
Eby G.N. (1975) Abundance and distribution of the rare earth elements and yttrium in the rocks and 
minerals of the Oka carbonatite complex, Quebec. Geochim. Cosmochim. Acta 39, 597-620.
Erickson R.L. and Blade L.V. (1963) Geochemistry and petrology of the alkalic igneous complex at 
Magnet Cove, Arkansas. U.S. Geol. Surv. Prof. Paper 425.
Ferguson J. and Sheraton J.W. (1979) Petrogenesis of kimberlitic rocks and associated xenoliths of 
southeastern Australia. In Kimberlites, diatrernes and diamonds; their geology, petrology, and 
geochemistry, (eds. F.R. Boyd and H.O.A. Meyer). American Geophysical Union, Washington, pp. 
140-161.
Ferguson J., Arculus R.J. and Joyce J. (1979) Kimberlite and kimberlitic intrusives of southeastern 
Australia: a review. B.M.R. J. Aust. Geol. Geophys. 4, 227-241.
146
Friedman I., O'Neil J. and Cebula G. (1982) Two new carbonate stable-isotope standards. Geostandards 
Newsletter 6, 11-12.
Garson M.S. (1966) Carbonatites in southern Malawi. In Carbonatites. (eds. O.F. Tuttle and J. Gittins). 
Interscience, New York. pp. 33-71.
Gaspar J.C. and Wyllie P.J. (1984) The alleged kimberlite-carbonatite relationship: evidence from 
illmenite and spinel from Premier and Wesselton Mines and the Benfontein Sill, South Africa. Contrib. 
Mineral. Petrol. 85, 133-140.
Gittins J. (1966) Summaries and bibiographies of carbonatite complexes. In Carbonatites. (eds. O.F. 
Tuttle and J. Gittins). Interscience, New York. pp. 417-540.
Gonfiantini R. and Tongiorgi E. (1964) La composition isotopique des carbonatites du Kaiserstuhl. In 
Report E.U.R. 1827 d.e.f. of the European Atomic Energy Commission, (ed. L.V. Wambecke). pp. 
193-199.
Gregory R.T. and Taylor H.P. Jr. (1981) An oxygen profile in a section of Cretaceous oceanic crust, 
Samail Ophiolite, Oman: evidence for 5 180  buffering of the oceans by deep (>5 km) seawater- 
hydrothermal circulation at mid-ocean ridges. J. Geophys. Res. 86, 2737-2755.
Griffin W.L. and Taylor P.N. (1975) The Fen damkjemite: petrology of a "central complex kimberlite" 
In Physics and Chemistry of the Earth, (eds. L.H. Ahrens, F. Press, S.K. Runcorn and H.C. Urey) 9, 
163-177.
Grünenfelder M.H., Tilton G.R., Bell K. and Blenkinsop J. (1986) Lead and strontium isotope 
relationships in the Oka carbonatite complex, Quebec. Geochim. Cosmochim. Acta 50,461-468.
Hamilton D.L., Freestone I.C., Dawson J.B. and Donaldson C.H. (1979) Origin of carbonatites by liquid 
immiscibility. Nature 279, 52-54.
Harmer R.E. (1986) Rb-Sr isotopic study of units of the Pienaars River Alkaline Complex, north of 
Pretoria, South Africa. Trans. Geol. Soc. S. Africa 88(2), 215-223.
Heinrich E.W. (1966) The Geology of Carbonatites. Rand McNally, Chicago. 555p.
Hofmann A.W. and White W.M. (1982) Mantle plumes from ancient oceanic crust. Earth Planet. Sei. 
Lett. 57, 421-436.
Holloway J.R., Mysen B.O. and Eggler D.H. (1977) The solubility of C 0 2 in liquids on the join 
CaO-MgO-Si02-C02. Carnegie Inst. Wash. Yearb. 15, 626-631.
King B.C. (1965) Petrogenesis of the alkaline igneous rock suites of the volcanic and intrusive centres of 
eastern Uganda. J. Petrol. 6, 67-100.
King B.C. and Sutherland D.S. (1966) The carbonatite complexes of eastern Uganda. In Carbonatites. 
(eds. O.F. Tuttle and J. Gittins). Interscience, New York. pp. 73-126.
Kroenke L.W. (1972) Geology of the Ontong Java Plateau. Hawaiian Institute of Geophysics Report 
72-5, Univ. of Hawaii. 19p.
Kwon S.T. and Tilton G.R. (1986) Comparative isotopic studies of Cargill and Borden carbonatite 
complexes from the Kapuskasing gravity high zone, Ontario, (abstr.) Joint Ann. Meeting, G.A.C.- 
M.A.C. Carleton University, Ottawa, pp. 92.
Kyser T.K., O'Neil J.R. and Carmichael I.S.E. (1982) Genetic relations among basic lavas and ultramafic 
nodules: evidence from oxygen isotope compositions. Contrib. Mineral. Petrol. 81, 88-102.
Lancelot J.R. and Altegre C.J. (1974) Origin of carbonatitic magma in the light of the Pb-U-Th isotope 
system. Earth Planet. Sei. Lett. 22, 233-238.
147
Le Bas M.J. (1984) Oceanic Carbonatites. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. 
Komprobst). Elsevier, Amsterdam, pp. 169-178.
Loubet M., Bemat M., Javoy M. and Allegre C.J. (1972) Rare earth contents in carbonatites. Earth 
Planet. Sei. Lett. 14, 226-232.
McCulloch M.T. and Chappell B.W. (1982) Nd isotopic characteristics of S- and I- type granites. Earth 
Planet. Sei. Lett. 58, 51-64.
McCulloch M.T., Gregory R.T., Wasserburg G.J. and Taylor H.P. Jr. (1981) Sm-Nd, Rb-Sr, and 
180 / 160  systematics in an oceanic crustal section: evidence from the Samail Ophiolite. J. Geophys. 
Res. 86, 2721-2735.
McDonough W.F., McCulloch M.T. and Sun S.-S. (1985) Isotopic and geochemical systematics in 
Tertiary-Recent basalts from southeastern Australia and implications for the evolution of the 
sub-continental lithosphere. Geochim. Cosmochim. Acta 49, 2051-2067.
McKenzie J. (1980) Stable isotope study of carbonate minerals from the basalt flows on Suiko 
Seamount: D.S.D.P. Leg 55 Hole 433C. In Initial Reports o f the Deep Sea Drilling Project 55, 
653-657. U.S. Government Printing Office, Washington.
McKenzie D. (1985) The extraction of magma from the crust and mantle. Earth Planet. Sei. Lett. 74, 
81-91.
Midende G., Demaiffe D., Weis D. and Mennessier J.P. (1986) Sr, Nd and Pb isotope evidence for the 
origin of carbonatites from the western branch of the African Rift, (abstr.) Eos Trans. Amer. Geophys. 
Union 67, 1267.
Mitchell R.H. and Crocket J.H. (1970) Isotopic composition of strontium in rocks of the Fen Alkaline 
Complex, south Norway. J. Petrol. 13, 83-97.
Möller P., Morteani G. and Schley F. (1980) Discussion of REE distribution of carbonatites and alkalic 
rocks. Lithos 13, 171-179.
Nelson D.R., McCulloch M.T. and Sun S.-S. (1986) The origins of ultrapotassic rocks as inferred from 
Sr, Nd and Pb isotopes. Geochim. Cosmochim. Acta 50, 231-245.
Neilsen T.F.D. and Buchart B. (1985) Sr-C-0 isotopes in nephelinitic rocks and carbonatites, Gardiner 
Complex, Tertiary of east Greenland. Chem. Geol. 53, 207-217.
Nixon P.H. and Boyd F.R. (1979) Garnet-bearing lherzolites and discrete nodule suites from the Malaita 
alnöite, Solomon Islands, SW Pacific, and their bearing on oceanic mantle composition and geotherm. In 
The Mantle Sample, (eds. F.R. Boyd and H.O.A. Meyer). American Geophysical Union, Washington, 
pp. 400-423.
Nixon P.H., Mitchell R.H. and Rogers N.W. (1980) Petrogenesis of alnöitic rocks from Malaita, 
Solomon Islands, Melanesia. Mineral. Mag. 43, 587-596.
Norrish K. and Chappell B.W. (1967) X-ray fluorescence spectrography. In Physical Methods in 
Determinative Mineralogy, (ed. J. Zussman). Academic Press, Oxford, pp. 161-214.
Norrish K. and Hutton J.T. (1969) An accurate X-ray spectrographic method for the analysis of a wide 
range of geological samples. Geochim. Cosmochim. Acta 33, 6091-6101.
Norry M.J., Truckle P.H., Lippard S.J., Hawkesworth C.J., Weaver S.D. and Marriner G.F. (1980) 
Isotopic and trace element evidence from lavas, bearing on mantle heterogeneity beneath Kenya. Phil. 
Trans. Roy. Soc. London A 297, 259-271.
O'Nions R.K., Hamilton P.J. and Evensen N.M. (1977) Variations in 143Nd/144Nd and 87Sr/86Sr 
ratios in oceanic basalts. Earth Planet. Sei. Lett. 34, 13-22.
148
Palacz Z.A. and Saunders A.D. (1986) Coupled trace element and isotope enrichment in the 
Cook-Austral-Samoa islands, southwest Pacific. Earth Planet. Sei. Lett. 79, 270-280.
Pineau F., Javoy M. and Allegre C.J. (1973) Etude systematique des isotopes de l'oxygene, du carbone et 
du strontium dans les carbonatites. Geochim. Cosmochim. Acta 37, 2363-2377.
Plyusnin G.S., Vorob'yev I. and Perminov A.V. (1984) Isotopic composition (5180 , 813C) of 
carbonatites in the Murun alkalic rock block. Dokl. Acad. Nauk. S.SE. 275, 999-1003.
Powell J.L. (1965) Low abundance of Sr87 in Ontario carbonatites. Amer. Mineral. 50, 1075-1079.
Powell J.L. (1966) Isotopic composition of strontium in carbonatites and kimberlites. Mineral. Soc. 
India, IMA volume, 58-66.
Ringwood A.E. (1982) Phase transformations and differentiation in subducted lithosphere: implications 
for mantle dynamics, basalt petrogenesis, and crustal evolution. J. Geol. 90, 611-643.
Roden M.F., Murthy R.V. and Gaspar J.C. (1985) Sr and Nd isotopic composition of the Jacupiranga 
carbonatite. J. Geol. 93, 212-220.
Scott-Smith B.H., Danchin R.V., Harris J.W. and Stracke K.J. (1984) Kimberlites near Orroroo, South 
Australia. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. Kornprobst). Elsevier, Amsterdam, 
pp. 121-142.
Shaw D.M. (1970) Trace element fractionation during anatexis. Geochim. Cosmochim. Acta 34, 
237-243.
Silva L.C., Le Bas M.J. and Robertson A.H.F. (1981) An oceanic carbonatite volcano on Santiago, 
Cape Verde Islands. Nature 294,644-645.
Smith C.B. (1983) Pb, Sr and Nd isotopic evidence for sources of southern African Cretaceous 
kimberlite. Nature 304, 51-54.
Snelling N.J., Hamilton E.I., Drysall A.R. and Stillman C.J. (1964) A review of age determinations 
from northern Rhodesia. Econ. Geol. 59, 961-981.
Snelling N.J. (1965) Age determinations on three African carbonatites. Nature 205,491.
Spera F.J. and Bergman S.C. (1980) Carbon dioxide in igneous petrogenesis: 1. Aspects of the 
dissolution of C 02 in silicate liquids. Contrib. Mineral. Petrol. 74, 55-66.
Steiger R.H. and Jäger E. (1977) Subcommission on geochronology: convention on the use of decay 
constants in geo- and cosmochronology. Earth Planet. Sei. Lett. 36, 359-362.
Stracke K.J., Ferguson J. and Black L.P. (1979) Structural setting of kimberlites in south-eastern 
Australia. In Kimberlites, Diatremes and Diamonds: their Geology, Petrology, and Geochemistry, (eds. 
F.R. Boyd and H.O.A. Meyer). American Geophysical Union, Washington, pp. 71-91.
Streckeisen A. (1979) Classification and nomenclature of volcanic rocks, lamprophyres, carbonatites, and 
melilitic rocks: recommendations and suggestions of the IUGS subcommission on the systematics of 
igneous rocks. Geology 7, 331-335.
Sun S.-S. (1980) Lead isotopic study of young volcanics from mid-ocean ridges, ocean islands and island 
arcs. Phil. Trans. Roy. Soc. London A 297, 409-445.
Sun S.-S., Jaques A.L. and McCulloch M.T. (1986) Isotopic evolution of the Kimberley Block, Western 
Australia, (extended abstr.) 4th Int. Kimberlite Conf., Perth. Geol. Soc. Aust. Abstr. Series 16, 
346-348.
149
Suwa K., Oana S., Wada H. and Susumu O. (1975) Isotope geochemistry and petrology of African 
carbonatites. In Physics and Chemistry of the Earth, (eds. L.H. Ahrens, F. Press, S.K. Runcorn and 
H.C. Urey) 9, 735-745.
Taylor S.R. and Gorton M.P. (1977) Geochemical application of Spark Source Mass Spectrometry - III. 
Element sensitivity, precision, accuracy. Geochim. Cosmochim. Acta 41, 491-510.
Thompson R.N., Morrison M.A., Hendry G.L., and Parry SJ. (1984) An assessment of the relative 
roles of crust and mantle in magma genesis: an elemental approach. Phil. Trans. Roy. Soc. London A 
310, 549-590.
Tilton G.R., Kwon S.T. and Frost D.M. (1987) Isotopic relationships in Arkansas Cretaceous alkalic 
complexes. Geol. Soc. Amer. Spec. Paper 215.
Treiman A.H. and Essene E.J. (1983) Mantle eclogite and carbonate as sources of sodic carbonatites and 
alkalic magmas. Nature 302, 700-703.
Tucker D.H. and Collerson K.D. (1972) Lamprophyric intrusions of probable carbonatitic affinity from 
South Australia. J. Geol. Soc. Aust. 19, 387-391.
Verwoerd W.J. (1966) South African carbonatites and their probable mode of origin. Annale, Univ. 
Stellenbosch 41 (serie A), number 2.
Vidal P., Chauvel C. and Brousse R. (1984) Large mantle heterogeneity beneath French Polynesia. 
Nature 307, 536-538.
Welke H.J., Allsopp H.L. and Harris J.W. (1974) Measurements of K, Rb, U, Sr and Pb in diamonds 
containing inclusions. Nature 252, 35-37.
Wendlandt R.F. (1984) An experimental and theoretical analysis of partial melting in the system 
KAlSi04-Ca0-M g0-Si02-C02 and applications to the genesis of potassic magmas, carbonatites and 
kimberlites. In Kimberlites I: Kimberlites and Related Rocks, (ed. J. Komprobst). Elsevier, Amsterdam, 
pp. 359-369.
Wendlandt R.F. and Harrison W.J. (1979) Rare earth partitioning between immiscible carbonate and 
silicate liquids and C 02 vapour: results and implications for the formation of light rare earth-enriched 
rocks. Contrib. Mineral. Petrol. 69, 409-419.
White W.M. and Hofmann A.W. (1982) Sr and Nd isotope geochemistry of oceanic basalts and mantle 
evolution. Nature 296, 821-825.
Willett G.C., Duncan R.K. and Rankin R.A. (1986) Geology and economic evaluation of the Mt Weld 
carbonatite, Laverton, Western Australia, (extended abstr.) 4th Int. Kimberlite Conf., Perth. Geol. Soc. 
Aust. Abstr. Series 16, 97-99.
Williams R.W., Gill J.B. and Bruland K.W. (1986) Ra-Th disequilibria systematics: timescale of 
carbonatite magma formation at Oldoinyo Lengai volcano, Tanzania. Geochim. Cosmochim. Acta 50, 
1249-1259.
Wilson A.F. (1979) Contrast in the isotopic composition of oxygen and carbon between the Mud Tank 
Carbonatite and the marbles in the granulite terrane of the Strangways Range, central Australia. J. Geol. 
Soc. Aust. 26, 39-44.
Wimmenauer W. (1966) The eruptive rocks and carbonatites of the Kaiserstuhl, Germany. In 
Carbonatites. (eds. O.F. Tuttle and J. Gittins). Interscience, New York. pp. 183-204.
Wood D.A. (1979) Dynamic partial melting: its application to the petrogenesis of basalts erupted in 
Iceland, the Faeroe Islands, the Isle of Skye (Scotland) and the Troodos Massif (Cyprus). Geochim. 
Cosmochim. Acta 43, 1031-1046.
150
Wyllie P.J. and Huang W.-L. (1975) Peridotite, kimberlite, and carbonatite explained in the system 
Ca0-M g0-Si02-C02. Geology 3, 621-624.
Wyllie P.J. and Huang W.-L. (1976) Influence of mantle C 02 in the generation of carbonatites and 
kimberlites. Nature 257, 297-299.
Zartman R.E., Brock M.R., Heyl A.V. and Thomas H.H. (1967) K-Ar and Rb-Sr ages from some 
alkalic intrusive rocks from central and eastern United States. Amer. J. Sei. 265, 848-870.
Section C
151
Coleman M.L. (1971) Potassium-calcium dates from pegmatitic micas. Earth Planet. Sei. Lett. 12, 
399-405.
Donnelly T.H., Lambert I.B., Oehler D.Z., Hallberg J.A., Hudson D.R., Smith J.W., Bavington O.A. 
and Golding L. (1977) A reconnaissance study of stable isotope ratios in Archaean rocks from the 
Yilgam Block, Western Australia. J. Geol. Soc. Aust. 24, 409-420.
Esat M.T. (1984) A 61 cm radius multi-detector mass spectrometer at The Australian National 
University. Nucl. Instr. Meth. Phys. Res. B5, 545-553.
Froude D.O., Ireland T.R., Kinny P.D., Williams I.S., Compston W., Williams I.R. and Myers J.S. 
(1983) Ion microprobe identification of 4100-4200 myr-old terrestrial zircons. Nature 304, 616-618.
Jaques A.L., Lewis J.D. and Smith C.B. (1986) The kimberlites and lamproites of Western Australia. 
Geol. Surv. West. Aust. Bull. 132.
Kinny P.D. (1986) 3820 Ma zircons from a tonalitic Amitsoq gneiss in the Godthäb district of southern 
West Greenland. Earth Planet. Sei. Lett. 79, 337-347.
Langmuir C.H., Bender J.F., Bence A.E., Hanson G.H. and Taylor S.R. (1977) Petrogenesis of basalts 
from the Famous area: mid-Atlantic ridge. Earth Planet. Sei. Lett. 36, 133-156.
Marshall B.D. and DePaolo D.J. (1982) Precise age determinations and petrogenetic studies using the 
K-Ca method. Geochim. Cosmochim. Acta 46, 2537-2545.
McCulloch M.T. and Perfit M.R. (1981) 143Nd/144Nd, 87Sr/86Sr and trace element constraints on the 
petrogenesis of Aleutian island arc magmas. Earth Planet. Sei. Lett. 56, 167-179.
McCulloch M.T., Compston W., Abbott M., Chivas A.R., Foster J.J. and Nelson D.R. (1982) 
Neodymium, strontium, lead and oxygen isotopic and trace element constraints on magma genesis in the 
Banda island-arc, Wetar. Res. School Earth Sei. Ann. Rep. 1982,236-238.
Russell W.A., Papanastassiou D.A. and Tombrello T.A. (1978) Ca isotope fractionation on the Earth 
and other solar system materials. Geochim. Cosmochim. Acta 42, 1075-1090.
Scott B.H. (1979) Petrogenesis of kimberlites and associated potassic lamprophyres from central west 
Greenland. In Kimberlites, Diatremes and Diamonds: their Geology, Petrology, and Geochemistry, (eds. 
F.R. Boyd and H.O.A. Meyer). American Geophysical Union, Washington. 190-205.
Smith C.B. (1979) Rb-Sr mica ages of various kimberlites. In Chairmans Summaries and Poster 
Session Abstracts. Kimberlite Symposium II. Cambridge, July 1979. pp. 61-66.
Venturelli G., Capedri S., Di Battistini G., Crawford A., Kogarko L.N. and Celestini S. (1984) The 
ultrapotassic rocks of southeastern Spain. Lithos 7, 37-54.
White W.M. and Bryan W.B. (1977) Sr-isotope, K, Rb, Cs, Sr, Ba, and rare-earth geochemistry of 
basalts from the Famous area. Geol. Soc. Amer. Bull. 88, 571-576.
APPENDIX 1. Analytical Techniques 
A l.l Whole-rock Rb-Sr analytical procedure
For Sr isotopic analysis, a conventional cation exchange procedure using HC1 as the elutriant has 
been used. This procedure is summarised in Table A l.l. Depending on the sample mineralogy and the 
type of information sought, samples were dissolved either in open teflon beakers or in high-pressure 
teflon capsules. In some cases (specified in the text of this thesis), samples were split into 3 aliquots (for 
Rb-Sr and Sm-Nd, U-Pb, and Pb isotopic analysis) following dissolution. The U-Pb concentration or Pb 
isotopic composition aliquots were not combined with the Rb-Sr and Sm-Nd -spiked aliquot because of an 
unacceptably high Pb blank in the mixed Rb-Sr and Sm-Nd spikes. If U-Pb isotopic data was not 
required, the samples were totally spiked before dissolution with 85Rb-84Sr and 147Sm-150Nd mixed 
spikes. Prior to the ion exchange chemistry, the samples were re-dissolved in 2 ml of 1 N HC1 and 
centrifuged in pre-cleaned 2.5 ml capacity polyethylene centrifuge tubes. Purified Rb and Sr aliquots were 
loaded in HC1 onto triple Re filaments and analysed on the single collector 60° MS-Z mass spectrometer, 
using a fully computer-controlled, pair-switching acquisition procedure. Sr runs were normalised to
o r  O O
Sr/ Sr = 0.1194. Total processing blanks were monitored periodically and were generally <5 ng for 
both Sr and Rb. Apart from the carbonatite samples, which generally contained very low Rb contents, 
most of the samples examined during this study contained very high Rb and Sr abundances and blank 
corrections were unnecessary.
Table A l.l Details of ion exchange procedure used for routine whole-rock rubidium-strontium analysis.
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first pass- 5g of Bio-Rad AG 50W-X8 (200-400 mesh)
load wash wash elute wash elute wash elute
Rb Sr REE
normality 1 N 1 N 2.5 N 2.5 N 2.5 N 2.5 N 6 N 6 N
volume 2 ml 2 ml 15 ml 5 ml 6 ml 10 ml 4 ml 20 ml
Sr second pass- 2g of Bio-Rad AG 50W-X8 (200-400 mesh)
load wash wash wash elute
Sr
normality 1 N 1 N 1 N 2.5 N 2.5 N
volume 1 ml 1 ml 22 ml 8 ml 5 ml
Rb second pass- lg of Bio-Rad AG 50W-X8 (200400 mesh)
load wash wash elute
Rb
normality IN 1 N 1 N IN
volume 1 ml 1 ml 7 ml 4 ml
A12  Whole-rock Sm-Nd analytical procedure
The procedure for routine Sm-Nd isotopic analysis used in the R.S.E.S. isotope laboratory has been 
described previously (e.g. McCulloch and Perfit 1981, McCulloch and Chappell 1982). Following 
separation of Rb and Sr from most of the major elements on the 5 g column, the rare-earth elements were 
eluted in 20 ml of 6 N NCI (see Table A. 1.1). A second column, fitted with drop-counters, was used to
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separate Sm and Nd from the other rare-earth elements. A ~3 mm diameter, 310 mm length bed of 
pre-cleaned Bio-Rad AG 50W-X4 (-400 mesh) cation exchange resin was used and the elutriant was 0.2 M 
2-methyl lactic acid (D-propanoic acid, 2 hydroxy) with pH adjusted to 4.6 using cone. NH4OH (aq.). 
Both Sm and Nd were loaded in 1 N HC1 onto degassed triple Re filaments and analysed as the metal 
species using the MS-Z mass spectrometer. Following Wasserburg et al. (1981), measured Sm and Nd 
ratios were normalised assuming 148Sm/152Sm = 0.42045 and 146Nd/142Nd = 0.636151 respectively. 
The non-radiogenic ratio 142Nd/144Nd was routinely measured throughout Nd runs in order to monitor 
isobaric interference from 142Ce and 144Sm. In practice, isobaric interference by Ce or Sm was rarely 
encountered and no corrections were required to any of the Nd isotopic results reported in this thesis.
A U  Whole-rock U-Pb chemistry procedure
The following procedures for Pb isotopic analysis were developed as part of this research and 
comprised an important component of this thesis work. As whole-rock Pb isotopic analysis was not 
routinely undertaken at the RSES prior to this research, it was necessary to re-establish suitable chemical 
procedures and the means for preparing high-purity reagents. It was recognised that Pb background levels 
in the chemical reagents would be unavoidably high during the early stages of this work but would be 
reduced progressively as the distillation equipment and storage botdes became cleaner with continued use.
Where this was realistically possible, all of the chemical procedures outlined below were undertaken 
in Class-100 clean-air laminar or downdraft flowhoods.
Al.3.1 Sample preparation and dissolution
Hand-specimens were sawn into ~5 cm cubes, scrubbed with a clean plastic scrubbing brush using 
de-mineralised H20  and in some cases ultrasonically cleaned in ultrapure H20 . The cleaned rock cubes 
were dried and then crushed in a pre-cleaned stainless steel percussion mill and small rock fragments from 
the centre of the crushed cube were carefully hand-picked, using stainless steel tweezers, for isotopic 
analysis. In a few cases, it was necessary to analyse rock powders as hand-specimens were not available. 
Because of the risk of contamination during crushing in these cases, only samples which had been 
prepared using suitable low-contamination methods were considered for isotopic analysis.
The hand-picked chips or rock powders were dissolved using 1 ml 70% HF and 100 pi cone. HC104 
in either teflon pressure capsules or open beakers (depending on the mineralogy, age and whether 
concentration data was required) for 24 to 48 hours, then evaporated to dryness in a Class-100 downdraft 
exhausting hood.
If U and Pb concentrations were required, the sample was re-dissolved in 1.2 N HC1 and split 
unequally, the splits weighed and the smaller aliquot (typically < 1/3 of the total solution) spiked with a 
mixed 208Pb-235U spike. The splits were then evaporated to dryness.
Al.3.2 Pb ion-exchange column chemistry
Where there was no restriction on the amount of sample available, the Pb was isolated from up to 3 
g of sample using columns fabricated of quartz glass, ~8 mm internal diameter and containing 2 g (dry 
weight) of Dowex 1X 8 (200-400 mesh) anion exchange resin which was re-cleaned and re-used after each
Table A 1.2 Reagent lead blanks (as at 26/9/86)
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Reagent Preparation Method Pb cone.
10'12g/g
HC104 (cone.) Pyrex distilled 600
HF (cone.) 2-bottle teflon distilled 20
1.2 N HBr t t 20
1.2NHC1 2-bottle teflon distilled 17
6 N HC1 tt 17
ultrapure H20 millipore, teflon distilled 7
sample. Routine total processing blanks of ~2 ng Pb for 3 g samples were possible using these columns 
(see Tables A 1.1 & A 1.2), enabling the processing of samples with < 0.4 ppm Pb without the need for 
blank corrections. Pb yields for these columns were determined periodically during the course of their use 
and were consistently better than 98%. Sample/processing blank ratios were typically substantially better 
than 104.
The ion exchange columns were cleaned using 6 N HC1, H20 , 6 N HC1, F^O and then conditioned 
with ~6 ml of 1.2 N HBr prior to use. 5 ml of 1.2 N HBr was added to the samples which were then 
centrifuged in pre-cleaned 7 ml capacity centrifuge tubes and loaded onto the columns. The columns were 
washed with 1 ml of 1.2 N HBr, then 8 ml of 1.2 N HBr, followed by 8 ml of 1.2 N HC1. After 
equilibrating the column with 1 ml of 6 N HC1, the Pb was eluted with a further 5 ml of 6 N HC1. For 
spiked samples, the initial load volume and the washes were collected for uranium extraction and analysis 
by the isotope dilution method.
Table A1.3 Lead chemistry processing blanks.
Date Details Pb Blank
(10-9 g, )
6/4/84 total processing blank (dissolution in pressure capsules) 7.6
6/4/84 column processing blank (2 passes) 4.5
6/4/84 " 9
6/4/84 t t 1.5
21/6/84 total processing blank (dissolution in pressure capsules) 12
17/1/85 t t 34
4/4/85 tt 12
8/5/85 loading blank (degassed rhenium) 0.019
22/6/85 total processing blank (dissolution in pressure capsules) 2
1/7/85 tt 1.5
12/8/85 t t 2.8
23/9/85 total processing blank (dissolution in open beakers) 2.7
24/9/85 column processing blank (2 passes) 0.75
1/10/85 loading blank (undegassed rhenium) 0.087
12/2/86 total processing blank (dissolution in open beakers) 5.7
12/2/86 column processing blank (2 passes) 1.3
28/3/86 " 0.56
28/3/86 " 0.84
28/3/86 total processing blank (dissolution in pressure capsules) 1.5
4/7/86 total processing blank (dissolution in open beakers) 8.4
Table A1.4 Microcolumn chemistry processing blank breakdown (as at 26/9/86).
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Reagent Volume used 
Oil)
Pb contribution 
(10‘12g)
HC104 (cone.) 30 18
HF (cone.) 500 10
0.6 N HBr 5500 110
0.6 N HC1 1500 26
6 N HC1 1500 26
loading blank 19
total processing blank 219
A single pass was usually sufficient for spiked Pb samples, but for unspiked Pb samples a second 
pass produced cleaner Pb separations and was found to result in better mass spectrometry runs. For the 
second pass, the sample was loaded onto the pre-cleaned, pre-conditioned 2 g columns in ~1 ml of warmed 
1.2 N HC1, washed with 1 ml of 1.2 N HC1, then 10 ml of 1.2 N HC1 and, after equilibration of the 
column with ~2 ml of 6 N HC1, the Pb eluted with 8 ml of 6 N HC1. One drop (~25 |il) of cone. HC104 
was added to the Pb solution to destroy any resin present. One drop of 0.3 M H3PC>4 was then added and 
the sample evaporated to dryness.
Al.3.3 Pb microcolumn chemistry
In cases where the sample size was limited (for example, mineral seperates), microcolumns of about 
2 ml capacity, 4 mm internal diameter, constructed of heat-shrink teflon were used. After treatment with 
HF and HC104 or HN03 (and splitting and spiking if necessary), the samples were loaded in 1 ml of 0.6 
N HBr directly onto the columns which contained about 1 cm height of pre-washed (6 N HC1, H20 , 6 N 
HC1, H20), pre-conditioned (using 1.5 ml of 0.6 N HBr) Dowex 1 X 8 (200-400 mesh) anion exchange 
resin. The columns were then washed 2 or 3 times with 1.5 ml of 0.6 N HBr, then 1.5 ml of 0.6 N HC1 
and the Pb eluted with 1.5 ml of 6 N HC1. A second pass using zircon chemistry (sample loaded and 
washed with 3 N HC1 and Pb eluted with 6 N HC1) was necessary for some samples. Pb yields for this 
technique were measured at better than 98%. The total processing Pb blank was typically -250 pg, with 
the column chemistry contributing -120 pg to the total blank (see Table A1.4).
Al.3.4 U chemistry
Heat-shrink teflon microcolumns of about 3 ml capacity were used for uranium purification. After 
evaporation to dryness, the samples were re-dissolved in 0.5 ml of 10 N HC1 and loaded onto columns 
containing 0.5 ml of pre-washed and pre-conditioned Dowex 1 X 8 (200-400 mesh) anion exchange resin. 
Fe was removed using a minimum of 2 washes (-2.5 ml) of 0.25 N (NH4)2S 04 and this reagent was 
removed using at least 4 washes of 10 N HC1. Uranium was eluted in 2.5 ml of H20 . The uranium was 
loaded in 0.3 M H3P 04 onto a thin layer of tantalum oxide (T a ^ ^  powder in aqueous solution) on an 
outgassed single Re filament and the uranium analysed as the oxide species.
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Al.3.5 Pb mass spectrometry
Most laboratories which undertake whole-rock Pb analysis base their analytical uncertainty on 
multiple analyses of a Pb standard, such as NBS-981 common Pb. However, it is likely that this 
procedure considerably under-estimates the analytical uncertainty, as Pb purified from rock samples rarely 
emits as well and the mass fractionation corrections are commonly not as reproducible as those achievable 
for the very clean Pb loaded from a standard solution. For example, it was noticed during this work that 
analyses of Pb purified from carbonatite samples were not as reproducible as analyses of Pb extracted from 
silicate samples, suggesting that impurities (presumably determined by the type of rock matrix) somehow 
influenced the mass fractionation. In order to obtain an accurate measure of the analytical uncertainty for 
whole-rock samples, all samples were analysed in duplicate (and in many cases, triplicate) during the 
course of this research. The analytical uncertainty estimate is based on a two-way analysis of variance of 
replicate mass spectrometry runs for each sample. For silicate samples this analytical uncertainty at the 
l a  level is; 206Pb/204Pb ±011, 207Pb/204Pb ±0.013 and 208Pb/204Pb ±0.033.
The silica gel used in this study was prepared by adding Merck silica gel powder to high-purity H20, 
ultrasoning the suspension and allowing several days for the coarser gel particles to settle. An aliquot of 
the suspension was decanted for use. About 15 p.1 of recently ultrasoned silica gel solution was added to 
the sample and <1/2 of the mixture loaded onto an outgassed single Re filament. The load was then 
evaporated at ~1 ampere for a few minutes. The filament current was then slowly increased until the 
phosphoric acid fumed off (generally at about 2.0 amperes) and the filament heated further until dull red 
heat was just perceptible. Typically, about 0.5 to 5 jig of Pb was analysed per run.
The quality of the mass spectrometry run was found to depend critically on the sample loading 
procedure adopted and the quality of the silica gel, although other factors, such as incorrectly degassed 
rhenium filaments and the purity of the Pb, also dramatically effected the beam intensity and stability. In 
order to monitor the quality of the mass spectrometry, -100 ng to 1 jig loads of NBS-981 common Pb or 
NBS-982 equal-atom Pb standards were analysed prior to each mass spectrometry session. Samples were 
not analysed until the following criteria for runs of these standards were met;
1. intensity of 208Pb signal >1 volt (5xl0 '10 Cl resistor);
2. beam stability was satisfactory;
3. mass fractionation correction was within ±0.025 % m.u.‘* of an accepted value (determined to
be 0.15 % m.u.'1).
A compilation of the results obtained for the NBS standards during the course of this research is given in 
Tables A 1.5 & A 1.6 and the results obtained for NBS-981 common Pb standard are plotted in Figs. A 1.1 
and A 1.2. It should be emphasised, however, that many of the analyses given in Tables A 1.4 and A 1.5 
were not complete mass spectrometry runs but consisted of only about 5 minutes of data collection (i.e. 
measurement of the baselines and the ratios 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb for one set 
each only). During analysis of a sample, ratios were collected, by pair switching, in the following 
repeated sequence; baseline, 208Pb/206Pb, 207Pb/206Pb, baseline, 204Pb/206Pb, 208Pb/206Pb. This 
data collection procedure results in errors on calculated 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb 
ratios which are strongly correlated. During the earlier part of this work, data was collected by direct 
measurement of the ratios 208Pb/204Pb, 207Pb/204Pb and 206Pb/204Pb. Errors in these ratios using
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Fig. A l.l 207Pb/204Pb versus 206Pb/204Pb results for the NBS-981 common-lead standard obtained 
during the course of this research.
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Fig. A1.2 208Pb/204Pb versus 206Pb/204Pb results for the NBS-981 common-lead standard obtained 
during the course of this research.
Table A1.5 Compilation of analyses of NBS-981 common lead standard (uncorrected for mass 
fractionation) performed during the course of this research.
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Date a * P i ^ * P b 207pb/2°4pb 208Pb/204Pb
14/6/84 16.8841 15.4235 36.4866
11/8/84 16.8905 15.4401 36.5260
13/8/84 16.8836 15.4377 36.5156
12/9/84 16.8718 15.4078 36.4248
17/9/84 16.8861 15.4165 36.4246
17/9/84 16.8579 15.3953 36.3655
17/9/84 16.8585 15.3947 36.3957
9/10/84 16.8858 15.4211 36.4748
25/10/84 16.9315 15.4706 36.6141
1/11/84 16.8823 15.3996 36.4680
14/1/85 16.8919 15.4267 36.4684
6/2/85 16.8681 15.4199 36.4710
6/2/85 16.8986 15.4249 36.4930
20/2/85 16.8756 15.4121 36.4256
28/2/85 16.8616 15.3943 36.4123
20/3/85 16.8953 15.4080 36.4631
18/4/85 16.9068 15.4527 36.5511
23/4/85 16.8847 15.4198 36.4689
9/5/85 16.8883 15.4394 36.5249
22/5/85 16.9079 15.4654 36.6160
29/5/85 16.8853 15.4263 36.4987
20/6/85 16.8734 15.4283 36.3759
20/6/85 16.8816 15.4207 36.4692
20/6/85 16.8673 15.4087 36.4209
22/6/85 16.9104 15.4520 36.5635
23/6/85 16.8900 15.4318 36.4919
23/6/85 16.8924 15.4295 36.4690
24/6/85 16.8877 15.4395 36.5317
24/6/85 16.8790 15.4327 36.4270
1/7/85 16.8886 15.4336 36.4917
1/7/85 16.9125 15.4558 36.5497
1/7/85 16.8878 15.4214 36.4689
2/7/85 16.8915 15.4234 36.5224
2/7/85 16.9162 15.4670 36.6100
2/7/85 16.9009 15.4319 36.4980
3/7/85 16.8975 15.4370 36.5253
10/7/85 16.9105 15.4492 36.5776
10/7/85 16.8723 15.4162 36.4715
18/7/85 16.8754 15.4074 36.4386
24/7/85 16.9013 15.4488 36.5598
6/9/85 16.8848 15.4212 36.4805
6/9/85 16.8806 15.4209 36.4824
23/9/85 16.8884 15.4330 36.5193
26/9/85 16.8792 15.4127 36.4536
30/9/85 16.8613 15.4024 36.4725
1/10/85 16.9003 15.4368 36.5217
7/10/85 16.9053 15.4459 36.5544
28/3/86 16.9048 15.4472 36.5603
4/4/86 16.8919 15.4304 36.5072
30/4/86 16.9063 15.4465 36.5590
13/5/86 16.8592 15.3990 36.4189
13/5/86 16.8926 15.4305 36.4999
21/5/86 16.8944 15.4365 36.5360
23/5/86 16.9026 15.4452 36.5488
25/5/86 16.9033 15.4463 36.5435
28/5/86 16.8841 15.4189 36.4753
18/11/86 16.9134 15.4572 36.5888
18/11/86 16.8892 15.4266 36.4921
17/12/86 16.8888 15.4249 36.4857
17/12/87 16.8931 15.4262 36.4979
9/1/87 16.8526 15.3878 36.3968
mean (n = 61) 16.8886 15.4283 36.4942
± 2 0  an mean ±0.0041 ±0.0047 ±0.0146
fractionation (% m.u."*) 0.143 0.133 0.155
corrected (0.140 % m.u."*) 16.9359 15.4931 36.6985
certified values8 16.937 15.490 36.721
from Catanzaro et al. (1968).
Table A 1.6 Compilation of analyses of NBS-982 equal-atom lead standard (uncorrected for mass 
fractionation) obtained during the course of this research.
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Date 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
16/5/84 36.5786 17.0467 36.4268
25/5/84 36.6035 17.0625 36.4683
25/5/84 36.6072 17.0629 36.4812
25/5/84 36.6034 17.0714 36.5010
2/6/84 36.6541 17.0929 36.5469
2/6/84 36.6932 17.1217 36.6345
2/6/84 36.6743 17.1069 36.5996
7/6/84 36.6487 17.0886 36.5421
7/6/84 36.6569 17.0961 36.5512
4/7/84 36.5488 17.1045 36.5187
4/7/84 36.6305 17.0894 36.5262
18/7/84 36.6904 17.1179 36.5972
25/7/84 36.6769 17.1067 36.5629
3/8/84 36.6121 17.0754 36.4891
17/8/84 36.6735 17.0869 36.5935
mean (n = 15) 36.6368 17.0887 36.5359
±2(7mean ±0.0208 ±0.0104 ±0.0274
fractionation (% m.u.'1) 0.139 0.138 0.143
corrected (0.140 % m.u.'1) 36.739 17.160 36.741
certified values51 36.739 17.160 36.745
a from Catanzaro et al. (1968).
this data aquisition sequence are not strongly correlated. To monitor possible problems caused by charged 
silica phosphate species, the mass spectrum was scanned and the baseline was measured at several mass 
positions (202.5 and 209.5) prior to and following data collection.
A1.4 Whole-rock Ca analytical procedure
1.4.1 Chemical separation
For silicate samples, approximately 2 to 5 mg of sample was dissolved using cone. HF and HC104 
in teflon beakers for at least 24 hours. The resulting solution was then evaporated and re-dissolved in 6 N 
HC1. Where necessary, this procedure was repeated several times until a completely clear solution was 
obtained. Carbonate samples were pre-treated with 1 N HC1 to destroy all carbonate prior to the 
HF-HC104 treatment. Gypsum samples (~3 mg) were dissolved in 3 N HC1. The solutions were then 
evaporated, re-dissolved in IN HC1 and loaded onto a bed of 2 g of pre-cleaned 200 mesh, Bio-Rad AG 
50W-X8 (200-400 mesh) cation exchange resin in quartz glass columns. The potassium and most of the 
other major elements were removed using a 20 ml wash of 1 N HC1, followed by a 3.5 ml wash of 2.5 N 
HC1, and the calcium eluted in 4 ml of 2.5 N HC1. Calcium recovery using this procedure was found to 
be consistently better than 98%. All reagents used were distilled in sub-boiling two-bottle teflon stills. 
The total procedural Ca blank (determined by isotope dilution using a 43Ca-enriched spike; see Appendix
A2.5 for further details) was < 60 ng, with the column chemistry and loading blank contributing ~15 ng 
to the total Ca blank.
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1.4.2 Ca mass spectrometry
Between 5 and 25 |ig of Ca was loaded in ~2 jil of 0.3 M H3P 04 onto an outgassed single tantalum 
filament and evaporated to dryness. The filament current was then increased until dull red heat was just 
perceptible and the tantalum filament had oxidised. The calcium was analysed using the R.S.E.S. 
Finnigan-MAT 261 mass spectrometer, which is fitted with a 7-faraday-cup collector. As the mass 
dispersion for the isotopes of interest (40Ca to ^C a) was too large for simultaneous collection in static 
mode, a double-jump measurement procedure was adopted, with the isotopes 40Ca, 41K and 42Ca 
collected simultaneously, followed by a second jump measuring 42Ca, 43Ca and 44Ca for the mass 
fractionation correction using a second set of 3 faraday cups which were offset 0.25 mass units from the 
first set. The baselines for all cups were measured simultaneously at an offset of a further 0.25 mass 
units. Because of the greater abundance of 40Ca, this isotope was measured using a 1010 Q. resistor and 
the other isotopes measured using 1011 Q. resistors. Typically, stable beams of ~5 volts of 40Ca (1010 
Ü.) for several hours duration were readily obtainable. Isobaric interference at 40Ca by 40K was monitored 
by measurement of the abundance of 41K, but the correction to the 40Ca/42Ca ratio for 40K interference 
was always less than -0.0005 (or <0.0003% of the 42Ca/14Ca ratio) and was therefore insignificant in all 
mass spectrometry runs.
1.4.3 Mass fractionation correction
Russell et al. (1978) argued that a residual drift remained in the fractionation-corrected 40Ca/42Ca 
ratios of their data when corrected using the linear fractionation law. These authors found that the 
Rayleigh and exponential laws removed this drift and appeared to provide a better fit. Esat (1983) showed 
that commonly-used mass fractionation laws, such as the Rayleigh, exponential and power laws, have the 
general form:
%  = N lRjkP  (1)
where N is a constant (different for each law),
R-k = [ion current of mass z]/[ion current of mass k] (2)
and
mass • > massy > mass^ (3)
The value of y  in equation (1) is a function of the mass of the ion species being measured and influences 
the degree of curvature of R-^ with variation in R.^ (see Fig. A 1.3). The applicability of each of the 
mass fractionation laws (i.e. the value of 7) has been assessed in two ways;
1. by analysis of "equal-atom" Ca solutions, prepared by mixing common (40Ca-enriched) calcium
with 42Ca-, 43Ca- and ^Ca-enriched spikes. Two solutions were prepared and analysed; solution #1 
has approximately equal abundances of 40Ca, 42Ca and 44Ca, and solution #2 has approximately 
equal abundances of 40Ca, 42Ca, 43Ca and 44Ca. Because errors due to resistor and amplifier 
non-linearity and to baseline corrections are minimised, error due to deviations from the mass 
fractionation laws should be more readily detectable in the analysis of these "equal-atom" solutions.
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Fig. A1.3 Curves of measured/normalised 40Ca/42Ca versus raw 42Ca/44Ca values for various 
fractionation laws. The normalising 42Ca/44Ca value assumed is 0.31221. As the linear law is an 
approximation of the power law, the curves of these laws are almost identical at this scale. The empirical 
law curve (with an exponent of 1.054242) is very similar to the exponential law curve. For the majority 
of runs, 0.304 < raw 42Ca/44Ca <0.311.
2. by comparison of the external precision (i.e. reproducibility) of 40Ca/42Ca analyses acquired for 
a Ca isotopic standard analysed repeatedly throughout the course of this study and corrected using 
different mass fractionation laws.
The results obtained for the "equal-atom" Ca solutions are summarised in Figs. A1.4 and A1.5. In 
Fig. A1.4, an analysis of solution #1 (~20 |ig load) is shown. The 40Ca/42Ca ratios have been corrected 
by normalisation of the 42Ca/44Ca ratio to an arbitrary value (42Ca/44Canorm = 0.83). The Finnigan- 
MAT data aquisition software uses a linear mass fractionation law where, for each 42Ca/44Ca scan, a 
factor (j) was determined from the measured 42Ca/44Ca value:
4* = (42Ca/44Cameas)/(42Ca/44Canorm) (4)
The 40Ca/42Ca ratio measured during the previous scan is corrected for mass fractionation as follows: 
40Ca/>2Cacon. = (40Ca/42Cameas)/(() (5)
This correction procedure to the 40Ca/42Ca ratio assumes that, at any time during the run, the ratio of the 
measured/"true" 40Ca/42Ca ratio, which differs from unity due to mass fractionation effects, is equivalent 
to the ratio of the measured/"true" 42Ca/44Ca ratio. For the analysis of solution #1, a within-run 
precision of 0.0012% (95% confidence) was obtained for the 40Ca/42Ca ratio, with the gain calibrations, 
performed every 5 blocks, clearly limiting any further improvement in the precision. No drifts which 
could be attributable to deviations from the mass fractionation law were observed in the 
fractionation-corrected 40Ca/*2Ca ratio (Fig. 1.4b).
The results obtained for the 43Ca-enriched solution #2 (~2 jig load) are shown in Fig. A1.5. During 
the early stages of this run, the raw 42Ca/44Ca ratio increased rapidly (Fig. A 1.5a) until, at about block
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Fig. A1.4 a). Variation in the raw 42Ca/44Ca ratio measured during run 1 of solution #1 "equal-atom" 
Ca. Each point represents the mean value, excluding 2a  outliers, of 10 scans. The inset shows the 
intensity (in volts, corrected to 1011 Q resistor) of 40Ca. b). Fractionation-corrected (linear law) 
40Ca/42Ca for each block of 10 scans (with la  error-bars) of run 1, solution #1. An internal precision of 
0.0012% (95% confidence) was obtained for the 40Ca/42Ca ratio. Gain calibrations have been performed 
every 5 blocks, and account for much of the scatter in the fractionation-corrected ^ C a /^C a  ratio.
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Fig. A1.5 a). Variation in the raw ^C a/^C a  ratio measured during run 1 of solution #2 "43Ca-enriched 
equal-atom" Ca. Each point represents the mean value of 10 scans. The inset shows the intensity (in 
volts, corrected to 1011 Q resistor) of 40Ca. b). Fractionation-corrected (linear law) 40Ca/42Ca for each 
block of 10 scans (error-bars are la )  of run 1, solution #2. The linear law has removed all significant 
time-dependent drift in the 40Ca/42Ca ratio.
164
43Ca-enriched "equal-atom 
power-law corrected
block number
a
u
*■
\
03
U
w
7.3150
7.3145
7.3140
7.3135
7.3130
7.3125
43Ca-enriched "equal-atom"
exponential-law corrected
0 5 10 15 20 25
block number
d).
Fig. A1.5 c). Variation in the power-law corrected 43Ca/44Ca ratio measured during run 1 of solution 
#2, "43Ca-enriched equal-atom" Ca. Each point represents the mean value of 10 scans (Error-bars are la). 
The linear law has failed to remove the time-dependent drift in the corrected 43Ca/44Ca ratio during the 
early stages of this run. d). Fractionation-corrected (exponental law) 43Ca/44Ca for each block of 10 
scans (error-bars are l a  and are approximate only) for the first 25 blocks of same run (run 1, solution #2) 
as is shown in Fig. A1.5c. The exponential law has removed all significant time-dependent drift in the 
43Ca/44Ca ratio.
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Fig. A1.5 e). Fractionation-corrected (exponental law) ^C a /^C a  for each block of 10 scans for the first 
25 blocks of same run (run 1, solution #2) as is shown in Fig. A 1.5c. Application of the exponential 
law does not result in any significant time-dependent drift in the 40Ca/42Ca ratio. (Error-bars are l a  and 
are approximate only).
10 (-70 minutes after commencement of the run and after operator intervention), the fractionation trend 
reversed and the raw ^ C a/^C a ratio decreased steadily. The 40Ca/42Ca and ^ C a/^C a ratios have been 
corrected, using the linear fractionation law, by normalisation of the 42Ca/44Ca ratio to an arbitrarily- 
selected value of 0.34. The ^C a /^C a  ratio is measured synchronously with the 42Ca/wCa ratio and the 
precision is consequently slightly greater than that attainable for the 40Ca/42Ca ratio. Although there is 
no significant drift in the linear-law-corrected 40Ca/42Ca ratio (Fig. A 1.5b), the linear-law-corrected 
43Ca/44Ca ratio increases with the raw 42Ca/44Ca ratio during the first 10 blocks and then levels off or 
decreases slightly (Fig. A1.5c). Re-calculation of the data obtained for this run using the exponential law 
removes this drift in the corrected 43Ca/44Ca ratio (Fig. A1.5d) without introducing any significant drift 
in the corrected 40Ca/42Ca ratio (Fig. A1.5e). These results confirm the findings of Russell et al. (1980) 
that, under some circumstances, small deviations from the linear mass fractionation laws may occur, and 
that the exponential mass fractionation law may more accurately describes the isotopic fractionation 
occurring on the filament, at least during the early stages of a Ca analysis. The magnitude of the 
deviations from the linear fractionation law observed for the 43Ca/44Ca ratio during this study were 
-0.013% (from Fig. A1.5c). However, the deviations from the linear law are only observable where the 
mass differences between the normalising and normalised ratios are different. No significant deviation is 
evident in the linear-law-corrected 40Ca/42Ca ratio (Fig. A1.5b), and the exponential law applied to the 
same data does not result in any significant improvement (Fig. A1.5e). The difference between masses of 
the isotopes of the normalising ratio (mass difference ^ C a  - 42Ca is 1.99686) and the ratio of interest to 
which the fractionation correction is applied (mass difference 42Ca - 40Ca is 1.99618) is similar in this 
study, so the linear, power and exponential laws are expected to produce quite similar results for the total
43Ca-enriched "equal-atom" 
exponential-law corrected
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Table A1.7 40Ca/42Ca isotopic results for the Tridacna calcium isotopic standard (obtained over the 
5 month period of this study) re-calculated using various mass fractionation laws.
Run No. exponential power empirical linear
1 . 151.062 ±5 150.964 ±11 151.073 ±5 151.068 ±7
2. 151.077 ±7 150.949 ±10 151.092 ±7 151.077 ±9
3. 151.092 ±3 150.995 ±4 151.104 ±2 151.099 ±3
4. 151.082 ±3 150.963 ±5 151.097 ±3 151.088 ±5
5. 151.057 ±3 150.993 ±3 151.065 ±3 151.058 ±5
6. 151.074 ±4 150.958 ±3 151.088 ±4 151.079 ±6
7. 151.050 ±20 150.846 ±26 151.073 ±20 151.092 ±9
8. 151.063 ±3 150.870 ±12 151.087 ±4 151.074 ±8
9. 151.056 ±3 150.874 ±5 151.078 ±3 151.064 ±5
12. 151.096 ±10 150.980 ±27 151.110 ±8 151.103 ±6
means and external precisionb (2a);
151.071 ±30 150.939±104 151.087 ±27 151.080 ±28
a Ratios normalised to 42Ca/44Ca = 0.31221. Errors quoted refer to within-run precision (at the 95% 
confidence level) calculated on the means of blocks of 10 scans, except for the linear law result which is 
calculated on individual scans.
exponential law: 40Ca/42Ca = 40Ca/42Ca x (M42/M40)Y where Mx = atomic mass of isotope 
x, a n d y =  Ic* ( ^ C v  / o -  i 12.Z < ) /  [ ”■ ( w  ^  M 44 * )
power law: 40Ca/42Ca = 40Ca/42Cameas /  [(42Ca/ 44Cameas/0.31221)a ]Y whereoi=/(U42  - M44) 
and Y = (M40 - M42).
em pirical law: 40Ca/42Ca = 40Ca/42Cameas < t+2 /  M tf#)'* '
1 1.054242.
linear la w f^ C a /^ C a  = 40Ca/42Cameas/(42Ca/44Cameas /  0.31221). 
b All analyses have been weighted equally.
range of mass fractionation observed. Therefore, it is anticipated that no law is preferable over any other.
For the analysis of standards and samples, the measured Ca isotopic ratios were normalised to a value 
of 42Ca/44Ca = 0.31221 to correct for the effects of mass fractionation, following Marshall and DePaolo 
(1982). The 43Ca/44Ca data obtained for samples and standards has also been corrected using the linear 
law:
43Ca/44Cacorr = 43C a/t4Cameas[l + 0.5<j>] (6)
No major deviations from the average 43Ca/44Ca value (from Table A1.8, average 43Ca/44Ca = 
0.064853 ±17) were observed in data obtained for any of the samples or standards analysed during this 
study.
A CaC03 solution prepared from the shell of Tridacna Gigas (Giant Clam) has been adopted as a Ca 
isotopic standard. The standard solution has an 87S r/86Sr value of 0.70921 ±3, which is 
indistinguishable from that of modem seawater. The external precision estimate for all Ca isotopic data 
obtained during this work is based on multiple analyses of this standard. Results of this analysis are 
presented in Tables A1.7 and A1.8 and in Fig. A1.6. In Table A1.7, mass spectrometry data for the 
Tridacna standard have been corrected for the effects of mass fractionation using various fractionation laws 
(see Appendix A2.6 for a listing of the computer program used for this analysis). Ca isotope ratios have
Table A1.8 Calcium isotopic results obtained for the Tridacna calcium isotopic standard, obtained during 
the 5 month period of this study.
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Run No. Date of analysis ^C a/^C a ±2a am e a n 40Ca/42Ca ±2a am e a n blocks F  k  b C a ~ 2 c m e a n
1 . 7 April, 1987 0.064860 ±8 151.068 ±7 (25) -0.66 ±0.46
2. tt 0.064855 ±10 151.077 ±9 (17) -0.07 ±0.59
3. 8 April, 1987 0.064857 ±3 151.099 ±3 (20) +1.39 ±0.20
4. " 0.064850 ±4 151.088 ±5 (15) +0.66 ±0.33
5. 9 April, 1987 0.064861 ±5 151.058 ±5 (14) -1.32 ±0.33
6. 28 April, 1987 0.064848 ±6 151.079 ±6 (14) +0.07 ±0.40
7. 29 April, 1987 0.064855 ±6 151.092 ±9 (8) +0.93 ±0.59
8. tt 0.064854 ±11 151.074 ±8 (9) -0.26 ±0.53
9. tt 0.064849 ±6 151.064 ±5 (16) -0.93 ±0.33
10. 25 May, 1987 0.064849 ±4 151.067 ±5 (10) -0.73 ±0.33
11. 27 May, 1987 0.064831 ±14 151.115 ±21 (10) +2.45 ±1.39
12. 11 August, 1987 0.064868 ±8 151.103 ±6 (18) +1.65 ±0.43
mean & 2a external precision 0.064853 ±17 151.079 ±28 -0.066 ±1.9
a Ratios normalised to 42Ca/44Ca = 0.31221, using the linear mass fractionation law. Errors quoted 
refer to within-run precision at the 95% confidence level. All analyses have been given equal 
weighting. Because of its larger within-run uncertainty, the 40Ca/42Ca analysis of run 11 has not 
been included in the calculation of the external precision.
b e Ca = [C40Ca/42CaMmp]e - 151.078V151.078] x 104.
been re-calculated from the raw data for each block, which consists of the means of 10 individual scans, 
excluding 2cr outliers. The "empirical" law uses a calculated best-fit value for y  which gives the 
minimum external precision for runs 1 to 9 of the Tridacna standard. The results given in Table A1.7 
demonstrate that application of the power fractionation law results in an external agreement between runs 
~4 times less precise than that obtained using the exponential, empirical and linear laws, which give 
similar external precision levels. However, for some individual mass spectrometry runs (such as runs 5 & 
6), the power law provides at least as good a fit as the other laws. Variation in linear-law-corrected 
40Ca/42Ca ratios with variation in raw 42Ca/44Ca for some of the Tridacna runs is shown in Fig. A 1.6. 
The linear law correction removes all systematic variation in corrected 40Ca/42Ca ratios with time or 
with raw 42Ca/44Ca, suggesting that this law adequately corrects for the effects of mass fractionation. 
The corrected 40Ca/42Ca ratios for run 4 (see Fig. A1.4h) show a small systematic increase with time but 
this drift is well within the precision of the 40Ca/42Ca measurements.
The results obtained for the Tridacna standard throughout the course of this study (Table A1.8) 
indicate an external precision of 0.018% (i.e. ±0.028) at the 95% confidence level for measurements of the 
40Ca/42Ca ratio, using the linear mass fractionation correction. Many of the samples examined during 
this study were analysed in duplicate. Two-way analysis of variance of 30 duplicated 40Ca/42Ca analyses 
of these samples (see Appendix A2.7 for details of this analysis) indicates an experimental error of ±0.034 
at the 95% confidence level. The external precision error is therefore ~4 times the typical internal 
(within-run) precision error. This difference is not unreasonable for data obtained by multiple collection. 
The main causes of this difference are attributable to a combination of factors, such as;
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Fig. A1.6 a). Variation in the raw 42Ca/44Ca ratio measured during run 1 of the Tridacna standard. 
Each point represents the mean value, excluding 2a outliers, of 10 scans. The inset shows the intensity 
of 40Ca in volts, measured on the 1011 Q. resistor, b). Fractionation-corrected 40Ca/*2Ca for each block 
of 10 scans (with l a  error-bars).
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Fig. A1.6 c). Variation in the raw 42Ca/44Ca ratio measured during run 2 of the Tridacna standard. 
Each point represents the mean value, excluding 2a  outliers, of 10 scans, d). Fractionation-corrected 
^ C a /^ C a  for each block of 10 scans (with l a  error-bars).
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Fig. A1.6 e). Variation in the raw 42Ca/44Ca ratio measured during run 3 of the Tridacna standard. 
Each point represents the mean value, excluding 2a outliers, of 10 scans, f)- Fractionation-corrected 
40Ca/42Ca for each block of 10 scans (with la  error-bars).
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Fig. A1.6 g). Variation in the raw 42Ca/44Ca ratio measured during run 4 of the Tridacna standard. 
Each point represents the mean value, excluding 2a outliers, of 10 scans, h). Fractionation-corrected 
40C a r2Ca for each block of 10 scans (with la  error-bars).
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Fig. A1.4 i). Variation in the raw 42Ca/44Ca ratio measured during run 5 of the Tridacna standard. Each 
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40Ca/42Ca for each block of 10 scans (with la  error-bars).
173
1. Error in the fractionation correction caused by variability in the rate of change of mass 
fractionation. This error arises because the 42Ca/wCa ratio is not measured simultaneously with the 
40Ca/44Ca to which the correction is applied. There is an 8 second delay between measurement of 
these ratios during each scan.
2. Non-linearity in the current measurement systems.
3. Drift (especially long-term drift, occurring over a period of months) in the cup calibration 
electronics.
The external precision error estimate based on the Tridacna standard results uses analyses obtained 
over the entire 5 month period of this study and therefore provides a reliable estimate of the precision 
level applicable for comparison of all Ca analyses given here. However, duplicate analyses obtained 
for groups of data collected over shorter periods of a few days indicate an external precision which is 
substantially better than that which is applicable to the entire 40Ca/42Ca data pool.
APPENDIX 2. Computer Programs
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A2.1 Three-stage Pb evolution program
Given a zero-age Pb isotopic composition, the following Pascal program defines its locus of 
evolution with time, assuming an U/Pb evolution involving 3 stages. Although this version of the 
program prints out values for p^ and p^ for different values of tj and t^, the times at which the U/Pb 
fractionation occurs, the program can be readily modified to output a graph of p^ and p^ values for 
various values of tj and (see Fig. 3.7). The first evolution stage (i.e. during which the Pb evolves 
within the Earth's mantle) can be modelled using either a constant p. or the Cumming and Richards (1975) 
best-fit model based on the ore Pb (orogene) growth curve.
program three_stage_modelling; 
const
lamdal = 1.55125E-10; 
lamda2 = 9.8485E-10;
Pb64initial = 9.307;
Pb74initial = 10.294;
U0= 10.751; 
econst = 0.05E-9; 
var
printer: text; 
answer: integer;
A, B, C, D, T, T164, T174, Ul, U2, U3, U264 : longreal;
T264, T274, T364, T374, Meas64, Meas74 : longreal; 
timel, time2, decrementl, decrement2 : longreal; 
begin
decrement2 := -0.2;
T := 4.57E+9; 
timel := 4.5; 
rewrite(printer, 'printer:');
write('single stage (0) or Cumming and Richards (1) growth curve?:’); 
readln(answer);
write('Enter Pb composition to be modelled (206/204,207/204):');
readln(Meas64, Meas74);
write('enter decrement steps (byrs):');
readln(decrementl);
repeat
timel := timel - decrementl; 
if answer = 0 then 
begin
if (Ul <= 0) or (Ul > 100) then 
begin
write(’enter 235U/204Pb:’);
readln(Ul);
end;
T164 := Pb64initial + Ul * (exp(lamdal * T) - exp(lamdal * timel * 1E+9));
T174 := Pb74initial + (Ul / 137.88) * (exp(lamda2 * T) - exp(lamda2 * timel * 1E+9)); 
end;
if answer = 1 then 
begin
T := 4.509E+9;
Ul := U0 * (1 - econst * timel * 10E-9);
T164 := Pb64initial + U0 * (exp(lamdal * T) * (1 - econst * (T - (1 / lamdal))) - exp(lamdal * timel 
* 1E+9) * (1 - econst * (timel * 1E+9 - (1 / lamdal))));
T174 := Pb74initial 4 (U0 / 137.88) * (exp(lamda2 * T) * (1 - econst * (T - (1 / lamdal))) -
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exp(lamdal * timel * 1E+9) * (1 - econst * (timel * 1E+9 - (1 / lamda2)))); 
end;
time2 := timel;
repeat
time2 := time2 + decrement2;
A := (exp(lamdal * time2 * 1E+9) - 1) / (exp(lamdal * timel * 1E+9) - exp(lamdal * time2 * 1E+9)); 
B := (Meas64 - T164) / (exp(lamdal * timel * 1E+9) - exp(lamdal * time2 * 1E+9));
C := (exp(lamda2 * time2 * 1E+9) -1) / (exp(lamda2 * timel * 1E+9) - exp(lamda2 * time2 * 1E+9)); 
D := 137.88 * (Meas74 - T174) / (exp(lamda2 * timel * 1E+9) - exp(lamda2 * time2 * 1E+9));
U3 := (D - B) / (C - A);
U264 := (Meas64 - T164 - U3 * (exp(lamdal * time2 * 1E+9) -1)) /  (exp(lamdal * timel * 1E+9) - 
exp(lamdal * time2 * 1E+9));
T264 := T164 + U264 * (exp(lamdal * timel * 1E+9) - exp(lamdal * time2 * 1E+9));
T274 := T174 + (U264 / 137.88) * (exp(lamda2 * timel * 1E+9) - exp(lamda2 * time2 * 1E+9»;
T364 := T264 + U3 * (exp(lamdal * time2 * 1E+9) - 1);
T374 := T274 + (U3 / 137.88) * (exp(lamda2 * time2 * 1E+9) -1);
writeln(printer, ümel : 8 : 2, U l : 8 : 3, T164 : 8 ; 3, T174 : 8 : 3, time2 : 8 : 2, U264 : 8 : 3, T264 :
8 ; 3, T274 : 8 : 3, U3 : 8 : 3, T364 : 8 ; 3, T374 ; 8 : 3); 
until time2 + decrement2 <= 0; 
until timel <= 0; 
end.
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A2.2 Analysis of initial Sr and Nd isotopic composition variation
Because of the similar geochemical behavior of Sr and Nd, variation in 87Sr/86Sr and 143Nd/144Nd 
is often strongly correlated. The following Pascal program examines Rb-Sr and Sm-Nd data for possible 
correlated variation in the initial Sr and Nd isotopic compositions. The measured Sr and Nd isotopic 
compositions are corrected for radiogenic decay of the radioactive parent for various ages. The 
age-corrected Sr-Nd array is examined, as a function of time, for fit to a line or point using an unweighted 
mean square of deviates and for linearity using the correlation co-efficient (see Chapter 4 for application). 
Although it is advisable to give all points equal weighting, the program will allow points to be weighted 
in inverse proportionality to the square of their assigned error if required.
program Sr_Nd_Regression (input, output);
const
max = 30;
LamdaSr= 1.420e-ll;
LamdaNd = 6.54e-12; 
type
index = l..max;
arraytype = array[index] of real;
var
printer: text;
subscript, subscript2, n, coun : integer;
Age, Agestep, oldest, youngest: integer;
SMI, SM2, SM3, SM4, D, cprop, Slope, SUMS, tot, Yintercept, MSWD : longreal; 
sumX, sumY, sumofcrossproduct, r, sumsqX, sumsqY : longreal;
Xvalue, Yvalue, Yerror, W, RbSr, SrSr, SmNd, NdNd : arraytype; 
answer: char; 
begin
rewrite(printer, ’printer:’);
writeln(’Enter range of ages (in myrs) of interest');
write(’oldest?: ’);
readln(oldest);
write('youngest?:');
readln(youngest);
writelnO');
write('Enter the age decrement step sizes (in myrs): ');
writeln(' 0;
readln(Agestep);
Age := oldest + Agestep;
vvriteln('Now enter the data (terminate data entry with zeros): ');
writeln;
subscript := 0;
repeat
subscript := subscript + 1;
write(subscript: 2, ’ 87Rb/86Sr,87Sr/86Sr,147Sm/144Nd, 143Nd/144Nd, error: '); 
readln(RbSr[subscript], SrSr[subscript], SmNd [subscript], NdNd[subscript],Yerror[subscript]); 
until (RbSr[subscript] = 0) and (SrSr[subscript] = 0); 
writelnO Age Slope Intercept MSWD Corr Co-eff);
repeat
Age := Age - Agestep;
writeln(printer, 'corrected for', Age : 4, 'myrs '); 
subscript2 := 0;
repeat
subscript2 := subscript2 + 1;
Xvalue[subscript2] := NdNd[subscript2] - SmNd[subscript2] * (exp(Age * le+6 * LamdaNd) -1); 
Yvalue[subscript2] := SrSr[subscript2] - RbSr[subscript2] * (exp(Age * le+6 * LamdaSr) -1); 
until subscript2 = subscript - 1;
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cprop := 0; 
tot := 0;
SMI := 0;
SM2 := 0;
SM3 := 0;
SM4 := 0;
D := 0;
Slope := 0;
SUMS := 0;
MSWD := 0;
Yintercept := 0;
SumX := 0;
SumY := 0;
SumsqX := 0;
SumsqY := 0;
Sumofcrossproduct := 0; 
r := 0;
for n := 1 to subscript - 1 do 
tot := tot + 1 / (Yerror[n] * Yerror[n]); 
cprop := 1 / tot; 
for n := 1 to subscript -1 do 
W[n] := cprop / (Yerror[n] * Yerror[n]);
writeln(printer,' X value Y value Y error Weighting 147Sm/144Nd 87Rb/86Sr’); 
for n := 1 to subscript -1 do 
begin
SMI := SMI + W[n] * Xvalue[n] * Xvalue[n];
SM2 := SM2 + W[n] * Xvalue[n];
SM3 := SM3 + W[n] * Xvalue[n] * Yvalue[n];
SM4 := SM4 + W[n] * Yvalue[n];
writeln(printer, n : 5, ’ Xvalue[n]: 10:5, '  Yvalue[n]: 8 : 5 ,' Yerror[n] : 8 : 5 ,' W [n]:
10 : 4, ’ \  SmNd[n]: 10 : 5, ’ RbSr[n]: 10 : 5); 
sumX := sumX + Xvalue[n]; 
sumY := sumY + Yvalue[n]; 
sumsqX := sumsqX + sqr(Xvalue[n]); 
sumsqY := sumsqY + sqr(Yvalue[n]);
sumofcrossproduct := sumofcrossproduct + Xvalue[n] * Yvalue[n]; 
end;
r := (sumofcrossproduct - (sumX * sumY / (subscript - 1))) / sqrt(((sumsqX - (sqr(sumX) / (subscript - 
1)))) * (sumsqY - (sqr(sumY) / (subscript -1))));
D := SMI - SM2 * SM2;
Slope := (SM3 - SM2 * SM4) / D;
Yintercept := (SMI * SM4 - SM2 * SM3) / D; 
for n := 1 to subscript - 1 do
SUMS := SUMS + (Yvalue[n] - (Yintercept + Slope * Xvalue[n])) * (Yvalue[n] - (Yintercept + Slope 
* Xvalue[n])) / (Yerror[n] * Yerrorfn]);
MSWD := SUMS / ((subscript - 1) - 2);
writeln(' Age : 4 ,' Slope : 10 : 6 ,' Yintercept: 10 : 6 ,' MSWD : 12 : 6 ,' r : 10 : 6);
writeln(printer, 'Slope of line is Slope : 10 : 6);
writeln(printer, 'Y intercept of line is Yintercept: 10 : 6);
writeln(printer, 'MSWD i s M S W D  : 10 : 6);
writeln(printer, 'Correlation co-efficient of line is ', r : 10 : 6);
writeln(printer,'');
until Age < youngest;
end.
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A2.3 Analysis of geological scatter about a Pb-Pb isochron regression line
The following Pascal program examines Pb-Pb regression data for possible variation in the initial 
isotopic composition. The measured Pb isotopic compositions are corrected for radiogenic decay of 
uranium for various ages. The age-corrected Pb-Pb array is examined, as a function of time, for fit to a 
line or point using an unweighted mean square of deviates and for linearity using the correlation 
co-efficient. (Although it is advisable to give all points equal weighting, the program will allow points 
to be weighted in inverse proportionality to the square of their assigned error if necessary.) The slope of 
this secondary array may, in certain circumstances, indicate the age of an earlier event.
program Pb-Pb_Regression (input, output);
const
max = 30;
Lamda238 = 0.155125e-9;
Lamda235 = 0.98485e-9;
type
index = l..max;
arraytype = array[index] of real; 
var
printer: text;
subscript, subscript, n, coun : integer;
Age, Agestep, oldest, youngest: integer;
SMI, SM2, SM3, SM4, D, cprop, Slope, SUMS, tot, Yintercept, MSWD : longreal; 
sumX, sumY, sumofcrossproduct, r, sumsqX, sumsqY : longreal;
Xvalue, Yvalue, Yerror, W, UPb, Pb74, Pb64 : arraytype; 
answer: char;
begin
rewrite(printer, 'printer:');
writeln('Enter range of ages (in myrs) of interest');
write(’oldest?:');
readln(oldest);
write('youngest?:');
readln(youngest);
writeln(' ’);
write('Enter the age decrement step sizes (in myrs): ');
writeln(’');
readln(Agestep);
Age := oldest + Agestep;
write!n('Now enter the data (terminate data entry with zeros): ');
writeln;
subscript := 0;
repeat
subscript := subscript + 1;
write(subscript: 2, ’ 206Pb/204Pb, 207Pb/204Pb, 238U/204Pb, error ’);
readln(Pb64[subscript], Pb74 [subscript], UPb[subscript], Y error[subscript]);
until (UPb[subscript] = 0) and (Pb74[subscript] = 0);
writeln(' Age Slope Intercept MSWD Corr Co-eff);
repeat
Age := Age - Agestep;
writeln(printer, 'corrected fo r', Age : 4, 'myrs '); 
subscript2 := 0;
repeat
subscript2 := subscript2 + 1;
Xvalue[subscript2] := Pb64[subscript2] - UPb[subscript2] * (exp(Age * le+6 * Lamda238) - 1); 
Yvalue[subscript2] := Pb74[subscript2] - (UPb[subscript2] /  137.88) * (exp(Age * le+6 * Lamda235) - 
1);
until subscript2 = subscript - 1;
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cprop := 0; 
tot := 0;
SMI := 0;
SM2 := 0;
SM3 := 0;
SM4 := 0;
D := 0;
Slope := 0;
SUMS := 0;
MSWD := 0;
Yintercept := 0;
SumX := 0;
SumY := 0;
SumsqX := 0;
SumsqY := 0;
Sumofcrossproduct := 0; 
r := 0;
for n := 1 to subscript -1  do 
tot := tot + 1 /  (Yerror[n] * Yerror[n]); 
cprop := 1 / tot; 
for n := 1 to subscript -1  do 
W[n] := cprop / (Yerror[n] * Yerror[n]);
writeln(printer,' X value Y value Y error Weighting 238U/204Pb');
for n := 1 to subscript - 1 do 
begin
SMI := SMI + W[n] * Xvalue[n] * Xvalue[n];
SM2 := SM2 + W[n] * Xvalue[n];
SM3 := SM3 + W[n] * Xvaluefn] * Yvalue[n];
SM4 := SM4 + W[n] * Yvalue[n];
writeln(printer, n : 5 , ' Xvalue[n]: 10 : 5 , ' Yvalue[n] : 8 : 5 , ' Yerror[n]: 8 : 5 ,' W[n] : 10 :
4, ’ U Pb[n]: 10 : 5);
sumX := sumX + Xvalue[n]; 
sumY := sumY + Yvalue[n]; 
sumsqX := sumsqX + sqr(Xvalue[n]); 
sumsqY := sumsqY + sqr(Yvalue[n]);
sumofcrossproduct := sumofcrossproduct + Xvalue[n] * Yvalue[n]; 
end;
r := (sumofcrossproduct - (sumX * sumY /  (subscript - 1))) / sqrt(((sumsqX - (sqr(sumX) / (subscript - 
1)))) * (sumsqY - (sqr(sumY) / (subscript - 1))));
D := SMI - SM2 * SM2;
Slope := (SM3 - SM2 * SM4) /  D;
Yintercept := (SMI * SM4 - SM2 * SM3) /  D; 
for n := 1 to subscript -1  do
SUMS := SUMS + (Yvalue[n] - (Yintercept + Slope * Xvalue[n])) * (Yvalue[n] - (Yintercept + Slope 
* Xvalue[n])) / (Yerror[n] * Yerror[n]);
MSWD := SUMS / ((subscript - 1) - 2);
writelnC Age : 4 , ' Slope : 10 : 6, ’ Yintercept: 10 : 6, ’ MSWD : 12 : 6, ’ r : 10 : 6);
writeln(printer, 'Slope of line is Slope : 10 : 6);
writeln(printer, 'Y intercept of line is Yintercept: 10 : 6);
writeln(printer, 'MSWD is ', MSWD : 10 : 6);
writeln(printer, 'Correlation co-efficient of line is ', r : 10 : 6);
writeln(printer,'') ;
until Age < youngest;
end.
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A2.4 Partial melting and rare-earth element enrichment modelling program
The following Pascal program examines the effects on the La/Yb ratio resulting from varying degrees 
of modal, non-modal and fractional partial melting of sources with various modal mineralogies.
program melting; 
const
maxphases = 20; 
var
Kd, M, F : arrayfl..maxphases] of real; 
printer: text;
count, count2, phases, numl, num2 : integer;
ML, Me, C, Cl, C2, C3, BULKD, D, P, start, finish, step, sum : longreal; 
answer: char; 
begin
rewrite(printer, 'printer:');
repeat
count := 0;
writeln('Enter % range of melting of interest:-’);
write(’start at? *);
readln(start);
write(’finish at?');
readln(fmish);
write(’increments?');
readln(step);
writeln;
start := start / 100; 
finish := finish / 100; 
step := step /100;
writeCEntcr number of source mineral phases :');
readln(phases);
sum := 0;
repeat
count := count + 1;
write('Enter modal proportion (in %) of source phase', count: 2, ’ :');
readln(M[count]);
sum := sum + M[count];
M[count] := M[count] / 100; 
until count = phases; 
if sum <> 100 then
writeln(’***** WARNING- sum <>100% *****’); 
count := 0;
writeln;
repeat
count := count+ 1;
write('Enter distribution co-efficient of source phase', count: 2 ,':');
readln(Kd[count]);
until count = phases;
writeln;
writeln('For non-modal melting, enter % fraction of liquid contributed to melt from phase:-');
writeln;
count := 0;
sum := 0;
repeat
count := count+ 1;
write('Enter mass fraction (%) of phase’, count: 2 ,' in melt:');
readln(F[count]);
sum := sum + F[count];
F[count] := F[count] / 100; 
until count = phases;
if sum <> 100 then
writelnC***** WARNING- sum <>100% *****'); 
writeln (printer);
writeln(printer,' phases : 2 ,' phases,'); 
for count := 1 to phases do
writeln(printer,' Phase count: 2 ,' modal prop M[count] * 100 : 5 : 3,'%, Kd Kd[count] : 5 
3 , melt contrib F[count] * 100 : 5 : 3 ,' % *); 
writeln (printer);
writeln(printer,' modal non-modal non- modal');
writeln(printer,' %melting equilibrium equilibrium Nemst');
writeln(printer,' batch fractional BULK Dist (1/t).');
ML := start - step;
repeat
ML := ML + step;
BULKD := 0;
P := 0;
C := 0;
D := 0;
for count := 1 to phases do 
begin
D := D + M[count] * Kd[count];
P := P + F[count] * Kd[count]; 
end;
Cl := 1 / (ML + D * (1 - ML));
C2 := 1 / (D + ML * (1 - P));
C3 := (1 / ML) * (1 - exp(ln(l - (ML * P) / D) / P));
writeln (printer,' ML * 100 : 5 : 3 ,' ', Cl : 8 : 4 ,' ', C2 : 8 : 4, ’ ', C3 : 8 :4 , ’
', D : 6 :4); 
until ML > finish; 
write('continue? (y/n):'); 
readln(answcr); 
until answer <> ’y'; 
end.
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A2.5 Ca fractionation-corrected spike unmbdng program
The following Pascal program calculates calcium concentrations determined by the isotope dilution 
technique. The program corrects for mass fractionation by an iteration procedure, where this is possible. 
A 43Ca-enriched Ca spike has been used during this study to determine the Ca analytical processing 
blank.
program CaSpike; 
label 
98,999; 
const
R4244SP = 0.163053;
R4344SP = 11.48963;
CONCSP = 0.0002358145;
R4244SA = 0.31221;
R4344SA = 0.06486;
R4844SA = 0.088727;
R4644SA = 0.001518;
R4044SA = 47.153; 
var
printer; text; 
iloop: integer;
R4243SP, R4442SP, R4342SP : longreal;
R44421, R43421, R42431, R42441, R43441 : longreal;
R4442SA, R4243SA, R4342SA, R4443SA : longreal;
R4442M, R4244M, R4342M, R4243M, R4344M : longreal;
R4442, R4244, R4342, R4243, R4344 : longreal;
D, DISC, WTSP, WTSA, CACONC, CACONCPPM : longreal;
CA40, CA42, CA43, CA44, CA46, CA48 : longreal; 
begin
rewrite(printer, 'printer:'); 
writeln(printer,'');
writeln('enter measured 42/44 and 43/44 ratios;'); 
readln(R4244M, R4344M);
R4442M := 1 / R4244M;
R44421 := R4442M;
R43421 := R4344M / R4244M;
R42431 := R4244M / R4344M;
R43441 := R4344M;
R42441 := R4244M;
R4243M := R4244M / R4344M;
R4342M := R4344M / R4244M;
R4442SP := 1 /R4244SP;
R4342SP := R4344SP / R4244SP;
R4243SP ;= 1 /R4342SP;
R4442SA := 1 /R4244SA;
R4342SA := R4344SA / R4244SA;
R4243SA := 1 /R4342SA;
R4443SA := 1 / R4344SA; 
writeln('enter weight of spike;'); 
readln(WTSP);
writeln(’enter weight of sample;'); 
readln(WTSA);
DISC := 1;
writelnC 44/42S D 44/42N 43/42N DISC’);
for iloop := 1 to 400 do
begin
R4442 := R4442M - (R4442SP - R4442M) * (R4342M - R4342SA) / (R4342SP - R4342M); 
if r4442 <= 0 then
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begin
writeln(' ***** calculated 44/42 ratio < or = 0 *****'); 
writeln(’ mass fractionation correction not possible');
R4442M := R44421;
R4344 := R43441;
R4342M := R43421;
R4244 := 1 / R44421;
R4243 := R42431;
goto 98;
end;
D := sqrt((l / 0.31221) / R4442);
R4442M := R4442M * D * D;
R4342M := R4342M * D;
D := D - 1;
DISC := DISC + D;
writeln(iloop : 3, R4442 : 10 : 5, D : 13 : 7, R4442M : 10 : 5, R4342M : 10 : 5, DISC : 13 : 8); 
if ABS(D) < 0.0000001 then 
begin
writeln('');
writeIn('convergence (i.e. ABS(D)<lE-7) afte riloop  : 2 ,' iterations'); 
writelnO ');
R4344 ;= R4344M / DISC;
R4243 := 1/R4342M;
R4244 := 1 /R4442M;
98 :
CA44 := CONCSP * R4443SA * (WTSP / WTSA) * (R4344 - R4344SP) / (R4344SA - R4344); 
CA42 := CA44 * R4244SA;
CA40 := CA44 * R4044SA;
CA43 := CA44 * R4344SA;
CA46 := CA44 * R4644SA;
CA48 := CA44 * R4844SA;
CACONC := CA40 + CA42 + CA43 + CA44 + CA46 + CA48;
writelnO ratio spike measured corrected 
writelnO 44/42’, R4442SP : 10 : 5, R44421 
writelnO 43/42', R4342SP : 10 : 5, R43421 
writelnO 42/43’, R4243SP : 10 : 5, R42431 
writelnO 42/44’, R4244SP : 10 : 5, R42441 
writelnO 43/44’, R4344SP : 10 : 5, R43441 
writelnO');
writeln('43 in spike (micromoles) ’, CONCSP : 10 : 8); 
writeln('weight of spike (g)', WTSP: 10 : 5); 
writelnO weight of sample (g)', WTSA : 10 : 5);
writelnO’);
writeln(’conc. (micromoles)');
writeln('40Ca ’, Ca40 ; 14 : 5);
writeln('42Ca ’, Ca42 : 14 : 5);
writeln('43Ca ', Ca43 : 14 : 5);
writeln('44Ca ', Ca44 ; 14 : 5);
writeln('46Ca ’, Ca46 : 14 ; 5);
writeln('48Ca ', Ca48 : 14 : 5);
writeln('total Ca ', CACONC : 14 : 5 ,' micromoles');
CACONCPPM := CACONC * 40.078;
writelnO Ca ', CACONCPPM : 14 : 5,' ppm’);
goto 999;
end;
sample');
10 : 5, R4442M : 10 : 5, R4442SA : 10 : 
10 : 5, R4342M: 10 : 5, R4342SA : 10 : 
10 : 5, R4243 : 10 : 5, R4243SA : 10 : 5) 
10 : 5, R4244 : 10 : 5, R4244SA : 10 : 5) 
10 : 5, R4344 : 10 : 5, R4344SA : 10 : 5)
5);
5);
end;
if iloop = 400 then
writelnO ****NO CONVERGENCE after 400 iterations**** ’); 
999:
writelnO'); 
end.
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A2.6 Ca mass fractionation correction using various fractionation laws
The following Pascal program corrects raw Ca isotopic data for mass fractionation using 4 
fractionation laws- the linear, exponental, power and empirical laws. The empirical law uses a calculated 
exponent which gives a minimum external precision error for 9 mass spectrometry runs of the Tridacna 
standard. The program allows Ca ratio data to be stored in arrays on disk and for these files to be updated 
as new data is acquired.
program Ca_reduction; 
const
max = 200;
M40 = 39.9625907;
M42 = 41.9586218;
M43 = 42.9587704;
M44 = 43.9554848; 
exponent = 1.054242; 
type
index 1 = 0..max;
arraytypel = array [index 1] of longreal;
datafile = file of longreal;
var
fileddata, filedata2: datafile;
answer, continue, dfile, datafilenamel, datafilename2, addata : string; 
printer: text;
subscript, counter, counter 1, N : integer;
Sum40421inear, Sum4042exponental, Sum4042power, Sum4042emp, r : longreal; 
MeanR40421inear, MeanR4042exponental, MeanR4042power, MeanR4042emp, p, a : longreal; 
sumlinresidual, sumexpresidual, sumpowerresidual, sumempresidual: longreal; 
Sumsq40421inear, Sumsq4042exponental, Sumsq4042power, Sumsq4042emp : longreal; 
Sqsum40421inear, Sqsum4042exponental, Sqsum4042power, Sqsum4042emp : longreal; 
linearerror, exponentalerror, powererror, emperror : longreal;
SEmeanlinear, SEmeanexponental, SEmeanpower, SEmeancmp : longreal; 
linresidual, expresidual, powerresidual, empresidual: longreal;
R4244, R4042, R40421inear, R4042exponental, R4042power, R4042emp : arraytypel; 
begin
rewrite(printer, 'printer:'); 
continue := 'yes'; 
subscript := 0;
while (continue = ’yes') or (continue = 'Yes’) do
begin
write('Add new data to an existing file or create new files (Yes/No):'); 
readln(addata);
if (addata = ’yes') or (addata = ’Yes') then 
begin
writeln('lnput data, terminating with zeros');
repeat
subscript := subscript + 1;
write('Enter analysis ’, subscript: 3, ’ 42/44 and 40/42: ’); 
readln(R4244[subscript], R4042[subscript]); 
until (R4244[subscript] = 0) and (R4042[subscript] = 0); 
subscript := subscript - 1;
write(’Add entered data to an existing data file (Yes/No): '); 
readln(answer);
if (answer = ’yes’) or (answer = ’Yes') then 
begin
write('Enter name of existing datafile to add new data to:');
readln(dfile);
open (fileddata, dfile);
for counter := 1 to subscript do
write(fileddata, R4244[counter], R4042[counter]);
close(fileddata);
writeln('Data now written to data filed file ) ; 
end;
write('Create new datafile ? (Yes/No) 
readln(answer);
if (answer = ’yes') or (answer = ’Yes’) then 
begin
write(’Enter name of new datafile :');
readln(dfile);
rewrite(fileddata, dfile);
for counter := 1 to subscript do
write(fileddata, R4244[counter], R4042[counter]);
close(fileddata);
writeln('Data now written to new data file : ',  dfile);
end;
end;
write('Merge two existing data files to create new file? (Yes/No): '); 
readln(answer);
if (answer = ’yes’) or (answer = ’Yes') then 
begin
subscript := 0;
writeln(TEnter name of datafiles to be merged:');
writeCFirst filename? :');
readln(dfile);
open(fileddata, dfile);
while not eof(fileddata) do
begin
subscript := subscript + 1;
read(fileddata, R4244 [subscript], R4042[subscript]);
end;
close(fileddata); 
write('Sccond filename?:'); 
readln(dfile); 
open(fileddata, dfile); 
while not eof(fileddata) do 
begin
subscript := subscript + 1;
read(fileddata, R4244 [subscript], R4042[subscript]); 
end;
close(fileddata);
writeCEnter name of new datafile :');
readln(dfile);
rewrite(fileddata, dfile);
for counter := 1 to subscript do
write(fileddata, R4244 [counter], R4042[counter]);
close (fileddata);
writeln('Data now written to new data file dfile); 
end;
write('Print data from an existing data file (Yes/No)? :'); 
readln(answer);
if (answer = 'yes') or (answer = ’Yes') then 
begin
write('Enter data file name:');
readln(dfile);
reset(fileddata, dfile);
subscript := 0;
while not eof(fileddata) do
begin
subscript := subscript + 1;
read(fileddata, R4244 [subscript], R4042[subscript]); 
writeln(printer, R4244[subscript]: 10 : 5, R4042[subscript]: 10 : 5);
end;
close(fileddata);
writeln(' subscript: 3 : 2 ,' analyses read from data filedfile);
end;
subscript := 0;
writeCEnter name of datafile for Ca data reduction :'); 
readln(datafilenamel); 
open(fileddata, datafilenamel); 
while not eof(fileddata) do
begin
subscript := subscript + 1;
read(fileddata, R4244 [subscript], R4042[subscript]);
end;
close(fileddata); 
writeln(’ ');
writeln(' subscript: 2 ,' analyses read from datafile '); 
linresidual := 0; 
expresidual := 0; 
powerresidual := 0;
Sum40421inear := 0;
Sum4042exponental := 0;
Sum4042power := 0;
Sum4042emp := 0;
Sumsq40421inear := 0;
Sumsq4042exponental := 0;
Sumsq4042power := 0;
Sumsq4042emp := 0;
Sqsum40421inear := 0;
Sqsum4042exponental := 0;
Sqsum4042power := 0;
Sqsum4042emp := 0; 
sumlinresidual := 0; 
sumexpresidual := 0; 
sumpowerresidual := 0; 
sumempresidual := 0; 
linearerror := 0; 
exponentalerror := 0; 
powererror := 0; 
emperror := 0; 
writeln('');
for counter := 1 to subscript do 
begin
R40421inear[counter] := 0;
R4042exponental[counter] := 0;
R4042power[counter] := 0;
end;
writeln(printer,' Analysis (42/44)raw (40/42)raw (40/42)linear (40/42)exp (40/42)power 
(40/42)emp');
for counter := 1 to subscript do 
begin
R40421inear[counter] := R4042[counter] * (1 + (0.31221 - R4244[counter]) /R 4244[counter]); 
Sum40421inear := Sum40421inear + R40421inear[counter];
Sumsq40421inear := Sumsq40421inear + sqr(R40421inear[counter]); 
p := ln(0.31221 / R4244[counter]) / ln(M44 / M42);
R4042exponental[counter] := R4042[counter] * exp(p * ln(M42 / M40));
Sum4042exponental := Sum4042exponental + R4042exponental[counter]; 
Sumsq4042exponental := Sumsq4042exponental + sqr(R4042exponental[counter]); 
a := exp(ln(R4244[counter] / 0.31221) / (M42 - M44)) - 1;
R4042power[counter] := R4042[counter] /  (exp(ln(l + a) * (M40 - M42)));
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Sum4042power := Sum4042power + R4042power[counter];
Sumsq4042power := Sumsq4042power + sqr(R4042power[counter]);
R4042emp[counter] := R4042[counter] * exp(exponent * ln(0.31221 / R4244[counter])); 
Sum4042emp := Sum4042emp + R4042emp [counter];
Sumsq4042emp := Sumsq4042emp + sqr(R4042emp[counter]); 
writeln(printer,' counter : 3, R4244[counter]: 13:6, R4042[counter]: 13:6, 
R40421inear[counter] : 13:6, R4042exponental[counter]: 13 : 6, R4042power[counter] : 13:6, 
R4042emp[counter] : 13 : 6); 
end;
MeanR40421inear := sum40421inear / subscript;
MeanR4042exponental := Sum4042exponental / subscript;
MeanR4042power := Sum4042power / subscript;
MeanR4042emp := Sum4042emp / subscript;
MeanR4042power : 13:6, MeanR4042emp : 13:6); 
writeln;
writeln(printer, T o r', subscript: 3,' analyses’);
writeln;
writeln(printer,' linear exponential power empirical’); 
writeln(printer,' Means and 1 sigma errors :');
writeln(printer, ’ ', MeanR40421inear : 13 : 6, MeanR4042exponental: 13 : 6,
Sqsum40421inear := sqr(Sum40421inear) / subscript;
Sqsum4042exponental := sqr(Sum4042exponental) / subscript;
Sqsum4042power := sqr(Sum4042power) / subscript;
Sqsum4042emp := sqr(Sum4042emp) / subscript; 
lincarerror := sqrt(abs(sumsq40421inear - sqsum40421inear)); 
exponentalerror := sqrt(abs(sumsq4042exponental - sqsum4042exponental)); 
powererror := sqrt(abs(sumsq4042power - sqsum4042power)); 
emperror := sqrt(abs(sumsq4042emp - sqsum4042emp));
writeln(printer,’+/- ’, linearerror : 13 : 6, exponentalerror: 13:6, powererror : 13:6, emperror : 13
: 6);
SEmeanlinear := 2 * linearerror / (sqrt(subscript));
SEmeanexponental := 2 * exponentalerror / (sqrt(subscript));
SEmeanpower := 2 * powererror / (sqrt(subscript));
SEmeanemp := 2 * emperror / (sqrt(subscript));
writeln;
writeln(printer,' 2 x sigma of mean (n =', subscript: 3,')');
writeln(printer,'+/- ', SEmeanlinear : 13:6, SEmeanexponental: 13:6, SEmeanpower: 13 : 6, 
SEmeanemp : 13 : 6); 
writeln(printer,' residuals;’);
writeln(printer,' linear exponential power empirical'); 
for N := 1 to subscript do 
begin
linresidual := MeanR40421inear - R40421inear[N]; 
sumlinresidual := sumlinresidual + abs(linresidual); 
expresidual := MeanR4042exponental - R4042exponental[N]; 
empresidual := MeanR4042emp - R4042emp[N]; 
sumexpresidual := sumexpresidual + abs(expresidual); 
powerresidual := MeanR4042power - R4042power[N]; 
sumpowerresidual := sumpowerresidual + abs(powerresidual); 
sumempresidual := sumempresidual + abs(empresidual);
writeln(printer, N : 3 ,' ’, linresidual: 13:6, expresidual: 13:6, powerresidual: 13:6, 
empresidual: 13 : 6);
end;
writeln;
writeln(printer, 'Sum of residuals');
writeln(printer,' ', sumlinresidual: 13:6, sumexpresidual: 13:6,  sumpowerresidual: 13 : 6,
sumempresidual: 13 : 6); 
write('continue? (Yes/No): '); 
readln(continue); 
end; 
end.
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A2.7 Mass spectrometry external analytical precision analysis
The following Pascal program uses a two-way analysis of variance technique to compare duplicate 
analyses of mass spectrometry runs, in order to determine the external analytical precision. The program 
allows data to be stored in arrays on disk and for these data files to be updated as new data is acquired. The 
listing given below is of the program used to analyse duplicate Pb isotope analyses of samples analysed 
during the course of this thesis; a similar algorithm was used to analyse duplicate Ca isotope results.
program Pb_run_statistics; 
const
max = 100; 
type
index 1 = 0..max; 
index2 = 0..2;
arraytypel = array[indexl, index2] of longreal; 
arraytype2 = array [index2] of longreal; 
datafile = file of real; 
var
fileddata: datafile;
answer, continue, dfile: string;
printer: text;
subscript, counterl, counter2, duplicatenumber : integer;
sum, mean, sumsq, squarsum, dupsquared, sigma, delta, experror, expsigma, sqrtexperror: arraytype2; 
sumofcrossproductl, sumofcrossproduct2, sumofcrossproduct3 : longreal; 
r l, r2, r3 : longreal;
sumaveragel, sumaverage2, sumaverage3 : longreal; 
sumsqaveragel, sumsqaverage2, sumsqaverage3 : longreal;
Analysisl, Analysis2, average : arraytypel;
begin
rewrite(printer, ’printer:’); 
continue := 'yes';
while (continue = ’yes’) or (continue = 'Yes') do
begin
subscript := 0;
write('read from an existing datafile? (Yes/No): '); 
readln(answer);
if (answer = 'yes') or (answer = ’Yes') then 
begin
write('Enter name of data file'); 
read (dfile);
while not eof(fileddata) do 
begin
subscript := subscript + 1;
read(fileddata, Analysisl [subscript, 0], Analysisl [subscript, 1], Analysisl [subscript, 2]); 
read(fileddata, Analysis2[subscript, 0], Analysis2[subscript, 1], Analysis2[subscript, 2]); 
if (Analysis2[subscript, 0] <> 0) and (Analysis2[subscript, 1] <> 0) and (Analysis2[subscript, 2] <> 0)
then
duplicatenumber := duplicatenumber + 1; 
end;
close(fileddata);
writeln(Subscript: 3 : 2 ,' duplicates read from datafile');
end;
writeCEnter more new data? (Yes/No): '); 
readln(answer);
if (answer = 'yes') or (answer = ’Yes') then 
begin
writeln('Input data, terminating with zeros'); 
repeat
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subscript := subscript + 1;
writeCEnter 6/4, 7/4 and 8/4 of analysis', subscript: 3 : 2 , ’); 
readln(Analysisl[subscript, 0], Analysis 1 [subscript, 1], Analysisl[subscript, 2]); 
writeCEnter 6/4, 7/4 and 8/4 of duplicate analysis', subscript: 3 : 2,': '); 
readln(Analysis2[subscript, 0], Analysis2[subscript, 1], Analysis2[subscript, 2]); 
if (Analysis2[subscript, 0] <> 0) and (Analysis2[subscript, 1] <> 0) and (Analysis2[subscript, 2] <> 0) 
then
duplicatenumber := duplicatenumber + 1; 
writeln(' ’);
until (Analysisl[subscript, 0] = 0) and (Analysisl[subscript, 1] = 0) and (Analysisl[subscript, 2] = 0); 
subscript := subscript - 1; 
write(’store entered data (Yes/No): '); 
readln(answer);
if (answer = ’yes') or (answer = ’Yes') then 
begin
write('add entered data to an existing datafile (Yes/No) or create new file?: '); 
readln(answer);
if (answer = ’yes') or (answer = ’Yes') then
open(fileddata, 'dfile')
else
rewrite(fileddata, 'dfile');
for counter2 := 1 to subscript do
begin
write(fileddata, Analysisl[counter2,0], Analysisl[counter2,1], Analysisl[counter2,2]); 
write(fileddata, Analysis2[counter2,0], Analysis2[counter2, 1], Analysis2[counter2,2]); 
end;
close(fileddata);
writeln('data now written to datafile');
end;
end;
writeln(printer, ’ ');
writeln(printer, ’ ratios 206/204 207/204 208/204’); 
for counter 1 := 0 to 2 do 
begin
for counter2 := 1 to subscript do 
begin
if (Analysis2[counter2,0] <> 0) and (Analysis2[counter2,1] <> 0) and (Analysis2[counter2, 2] <> 0)
then
begin
Average[counter2, counterl] := (Analysisl[counter2, counterl] + Analysis2[counter2, counterl]) /  2; 
sumfcounterl] := sumfcounterl] + Analysisl[counter2, counterl] + Analysis2[counter2, counterl]; 
sumsq[counterl] := sumsq[counterl] + sqr(Analysisl[counter2, counterl]) + sqr(Analysis2[counter2, 
counterl]);
dupsquared[counterl] := dupsquared[counterl] + sqr(Analysis 1 [counter2, counterl] + 
Analysis2[counter2, counterl]) /  2;
end
else
Average[countei2, counterl] := Analysisl[countcr2, counterl];
end;
end;
for counter2 := 1 to subscript do 
begin
writeln(printer, counter2 : 3, ’ Analysis 1', Analysisl[counter2,0]: 10 : 3, Analysisl [counter2,1]
: 10 : 3, Analysisl[counter2,2] : 10 : 3);
if (Analysis2[counter2, 0] <> 0) and (Analysis2[counter2,1] <> 0) and (Analysis2[counter2, 2] <> 0)
then
begin
sumaveragel := sumaveragel + Average[counter2,0]; 
sumaverage2 := sumaverage2 + Average[counter2,1]; 
sumaverage3 := sumaverage3 + Average[counter2,2]; 
sumsqaveragel := sumsqaveragel + sqr(Average[counter2,0]);
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sumsqaveragel := sumsqaveragel + sqr(Average[counter2,0]); 
sumsqaverage2 := sumsqaverage2 + sqr(Average[counter2,1]); 
sumsqavcrage3 := sumsqaverage3 + sqr(Average[counier2,2]);
sumofcrossproductl := sumofcrossproductl + Average[counter2, 0] * Average[counter2,1]; 
sumofcrossproduct2 := sumofcrossproduct2 + Avcrage[counter2, 0] * Average[counter2,2]; 
sumofcrossproduct3 := sumofcrossproduct3 + Avcrage[counter2,1] * Average[counter2,2]; 
writeln(printer,' Analysis 2', Analysis2[counter2,0] : 10 : 3, Analysis2[counter2,1] : 10 : 3, 
Analysisl[counter2,2 ]: 10: 3); 
end;
writeln(printer,'') ; 
end;
rl := (sumofcrossproductl - (sumaveragel * sumaverage2 /  duplicatenumber)) / sqrt(((sumsqaveragel - 
(sqr(sumaveragel)/duplicatenumber))) * (sumsqaverage2 - (sqr(sumaverage2) /  duplicatenumber)));
r2 := (sumofcrossproduct2 - (sumaveragel * sumaverage3 / duplicatenumber)) /  sqrt(((sumsqaveragel - 
(sqr(sumaveragel) /  duplicatenumber))) * (sumsqaverage3 - (sqr(sumaverage3) /  duplicatenumber)));
r3 := (sumofcrossproduct3 - (sumaverage2 * sumaverage3 / duplicatenumber)) / sqrt(((sumsqaverage2 - 
(sqr(sumaverage2) / duplicatenumber))) * (sumsqaverage3 - (sqr(sumaverage3) / duplicatenumber))); 
writeln(printer, 'For duplicatenumber : 2, ’ duplicated ratios:'); 
writeln(printer,'');
writeln(printer, 'sum of all duplicated ratios is ', sum [0]: 12 : 3, sum[l] : 12 : 3,
sum[2]: 12: 3); 
for counter 1 := 0 to 2 do 
begin
mean[counterl] := sum[counterl] /  (2 * (duplicatenumber)); 
squarsum[counterl] := sqr(sum[counterl]) / (2 * (duplicatenumber)); 
sigma[counterl] := sqrt(abs(sumsq[counterl] - squarsum[counterl])); 
delta[counterl] := sqrt(abs(sigma[counterl] * sigma[counterl] /  (duplicatenumber - 1))); 
expsigma[counterl] := sqrt(abs(sumsq[counterl] - dupsquared[counterl])); 
experror[counterl] := sqr(expsigma[counterl])/ (duplicatenumber -1); 
sqrtexperror[counterl] := sqrt(experror[counterl]); 
end;
writeln(printer, 'mean of all duplicated ratios is 
mean[2] : 12 :4);
writeln(printer, 'sum of squares of all duplicated ratios is 
4, sumsq[2] : 12 : 4);
writeln(printer, 'sum of (duplicates squared)/2 is 
dupsquared[l]: 12 :4 , dupsquared[2]: 12:4);
writeln(printer, 'sum of duplicates squared/number of ratios is ', squarsum[0] : 12 : 4, 
squarsum [l]: 12 : 4, squarsum[2] : 12 : 4);
writeln(printer, 'geological error- sigma of all duplicated ratios is ', sigma[0]: 12 : 4, sigm a[l]: 12 
: 4, sigma[2] : 12 : 4);
writeln(printer, 'sigma squared/, (duplicatenumber -1 ) :  2 , ' degrees of freedom is ',
delta[0]: 12 : 4, de lta fl]: 12 : 4, delta[2]: 12 : 4);
writeln(printer, 'experimental error- sigma of duplicated dataset is ', expsigma[0]: 12 : 4, 
expsigm a[l]: 12 : 4, expsigma[2]: 12 : 4);
writeln(printer, 'sigma squared/, (duplicatenumber -1 ) :  2 , ' degrees of freedom is ',
experror[0] : 12 : 7, experror[l]: 12 : 7, experror[2]: 12 : 7);
writeln(printer, 'one sigma experimental error is ', sqrtexperror[0]: 12 : 4,
sqrtexperror[l]: 12 : 4, sqrtexperror[2]: 12 : 4);
writeln(printer, 'Correlation coefficient between (averaged duplicates of) 6/4 and 7/4 is ', r l : 10 : 7);
writeln(printer, 'Correlation coefficient between (averaged duplicates of) 6/4 and 8/4 is ', r2 : 10 : 7);
writeln(printer, 'Correlation coefficient between (averaged duplicates of) 7/4 and 8/4 i s ', r3 : 10 : 7);
write('continue? (Yes/No): ');
readln(continue);
end;
mean[0]: 12 : 4, meanfl] : 12 : 4,
', sumsq[0] : 12 : 4, sum sqfl]: 12 : 
', dupsquaredfO]: 12:4,
APPENDIX 3. Sample identification
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thesis
designation
A.N.U.
designation
locality rock-type references
New South Wales, Australia
GA-3470 GA-3470 Begargo Hill leucitite Cundari (1973),
GA-3471 GA-3471 Begargo Hill t t Nelson et al. (1986a)
GA-3472 GA-3472 Bygalore tt
GA-3473 GA-3473 Bygalore tt
GA-3474 GA-3474 Gorman Hills tt
GA-3475 GA-3475 Tullibigeal t t
GA-3476 GA-3476 Condobolin t t
GA-3478 GA-3478 L. Cargellico t t
GA-3479 GA-3479 El Capitan t t
GA-3480 GA-3480 Burgooney tt
GA-3481 GA-3481 Flagstaff tt
70-139 70-139 Harden analcimite
Victoria, Australia
E7980 87-231 Cosgrove leucitite Birch (1978),
Nelson et al. (1986a)
Queensland, Australia
HH-321 87-232 Inglewood analcimite Wilkinson (1977),
Nelson et al. (1986a)
Kimberley region, Western Australia
WAK-2L 87-245 Mt North leucite lamproite McCulloch et al. (1983),
WAK-6L 87-246 Oscar Plug " Jaques et al. (1984a, 1986a),
WAK-10L 87-247 Mt Percy t t Nelson et al. (1986a)
WAK-11L 87-248 Noonkanbah leucite lamproite
WAK-14L 87-249 Fishery Hill leucite lamproite
WAK-25L 87-250 Walgidee Hill "
WAK-30L 87-251 tt t t
WAK-15K 87-252 Ellendale olivine lamproite
WAK-16K 87-253 tt t t
WAK-17L 87-254 tt leucite lamproite
WAK-20K 87-255 tt olivine lamproite
WAK-21K 87-256 tt t t
WAK-27L 87-257 tt leucite lamproite
Mordor Complex, Northern Territory
(Mordor samples are located within the rock collection of the Bureau of Mineral Resources, Canberra)
3434 phlog. lherzolite Langworthy and Black (1978)
3435 phlog. lherzolite
3438 phlog. hy. shonkinite
3441 phlog. lherzolite
3446 phlog. shonkinite
3450 phlog. werhlite
3452 phlog. werhlite
4142 syenite
4202 melamonzonite
4213 monzonite
4578 shonkinite
Ullung-do Island, Sea of Japan
Ull-1 87-243 leucitite Nelson et al. (1986a)
Fiji
AJCF2 87-244 ankaramite
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thesis
designation
A.N.U.
designation
locality rock-type references
Gaussberg, Antarctica
82-24 82-24 crustal xenolith Collerson and M cCulloch (1983),
82-27 82-27 leucitite Nelson et al. (1986a)
82-30 82-30 leucitite
Prince Charles M ountains, M acRobertson Land, A ntarctica
7328-1594 87-260 M anning M assif leucite tristanite Sheraton and England (1980),
6928-0225 87-261 Fox R idge alkali basalt Sheraton (1983),
7328-1545 87-262 M t Bayliss alkali m elasyenite Nelson and M cCulloch (1987)
Enderby Land, Antarctica
7728-3439D 87-263 Priestley Peak alkali m elasyenite Sheraton and England (1980),
Nelson and M cCulloch (1987)
Queen M ary Land, Antarctica
7728-4730 87-264 B unger Hills trachybasalt Sheraton (1980),
Nelson and M cCulloch (1987)
southwest Greenland
5903 87-265 Sarfartup nunä kim berlite Sm ith (1979), Scott (1981)
5907 87-266 t t t t
5932 87-267 t t tt
5508 87-268 Umanarssuk t t
5973 87-269 M anitsorssuaq t t
5611 87-270 Sagdlerssuaq lam proite
5652 t t "
5622 87-272 t t tt
5634 87-273 " "
5672 87-274 t t lamprophyre
R om an C o-m agm atic Region, Italy
Ven-1 87-233 San Venanzo leucite m elilitite
C up-10 87-234 Cupaello
southeastern Spain
SP-034 87-235 Aljorra lam proite V enturelli et al. (1984),
SP-039 87-236 Zeneta t t Nelson et a l  (1986a)
SP-044 87-237 Fortuna t t
SP-049 87-238 Fortuna t t
SP-055 87-239 Jum illa "
SP-067 87-240 Cancarix "
SP-077 87-241 Calasparra t t
SP-081 87-242 Puebla de M ula tt
L eucite  H ills, U .S.A.
LH-4 87-258 W yom ing w yom ingile Nelson and M cCulloch (1987)
LH-7 87-259
"
tt
Carbonatites
7821-0009 87-276 W allow ay, SA carbonatite Stracke et al. (1979),
7521-0081 87-277 " carb. kim berlite Ferguson and Sheraton (1979)
7521-0090 87-278 Terowie, SA kim berlite tt
MW-1 87-279 M t W eld, W A carbonatite W illett et al. (1986)
M W -2 87-280 t t " tt
MC-1 86-137 M agnet Cove, USA " Nelson et al. (1987)
K -l 84-326 Kaiserstuhl, FRG phonolite t t
K-2 84-327 tt carbonatite "
K-3 84-328 tt " t t
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th esis
designation
A.N.U.
designation
locality rock-type references
Carbonatites (cont.)
K-5 84-329 Kaiserstuhl, FRG lava clast Nelson et al. (1987)
K-6 84-330 " phonolite tt
NBS-18 Fen, Norway carbonatite tt
5961 5961 Brasil carbonatite t t
5963 5963 tt " t t
(the following sample is located w ithin the rock collection of the Bureau o f M ineral Resources, Canberra)
7590-2015 Northern Territory carbonatite Black and Gulson (1978)
(the follow ing carbonatite sam ples are from the collection o f the D epartm ent o f Geology, A .N.U.)
6336 6336 Napak, Uganda tt N elson et al. (1987)
6330 6330 Tororo, Uganda tt M
6335 6335 Sukulu, U ganda tt t t
3432 3432 Kangank., M alawi t t
7122 7122 Nachendaz.,Tanzania t t
33174 33174 Goudini, Sth Africa " t t
33176 33176 t t t t t t
Jugiong kim berlitic intrusions
(Jugiong samples are located within the rock collection o f the Bureau o f M ineral Resources, Canberra)
0041 In t# l Jugiong, NSW kim berlitic intrus. Ferguson and Sheraton (1979),
0067A Int#4 t t kim berlitic autolith Stracke et al. (1979),
0067B Int#4 »» tt Ferguson et al. (1979)
0047 Int#2 t t lapillus
Tridacna calcium isotope standard
81-732 81-732 Fantom e Island, aragonite, internal
Queensland layers of Tridacna Gigas
M id-Atlantic ridge basalt calcium isotope reference
(this sam ple is from the private collection o f S.R. Taylor)
529-4 Fam ous area basalt Langm uir et al. (1977)
Island-arc lavas and trough sediments
(the following sam ples are from the private collection o f M .T. M cCulloch)
M K-17 Aleutian arc basalt M cCulloch and Perfit (1981)
M K4-33 " tt "
MK-3A t t andesite t t
B5328 Banda arc basalt M cCulloch et al. (1982)
B5561 " dacite t t
B5128 tt rhyolite t t
SS4
"
sediment tt
G ypsum s
(the following sam ples were collected by, and are from the private collection of, A.R. Chivas)
LF-82/3 L. From e, S.A. gypsum
GY-207 L. G ilm or, W .A. t t
GY-185 L. Yarra Yarra, W .A. "
GY-165 L. M oore, W .A. "
GY-127 L. Brown, W .A. tt
Archaean sediments
(the following sam ples are from the private collection o f M.T. M cCulloch)
AUS-52 M i Narryer, W .A . pelite
AUS-75 " t t
AUS-81 t t calc-silicate
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Nd-Sr ISOTOPE RATIOS IN ULTRAPOTASSIC ROCKS FROM S.E.
AUSTRALIA AND THEIR IMPLICATIONS FROM THE 
SUBCONTINENTAL LITHOSPHERE
• 1 1 2 D. R. Nelson M.T. McCulloch and A. L. Jaques
Hies. School of Earth Sei., Aust. Nat. Univ., Canberra 
2Bureau of Mineral Resources, Canberra
Popular models of mantle structure assume that while the 
differentiation of the continental crust has resulted in an upper mantle 
depleted in LIL- and LRE- elements, the lower mantle has remained largely 
undifferentiated, with primitive Sm/Nd, Rb/Sr and U/Pb(?). However, a 
number of recent studies of rock types believed to be derived from deep 
(i.e., >100 km) subcontinental sources, such as kimberlites and related 
ultrapotassic rocks (e.g., Vollmer and Norry, 1983; Collerson and 
McCulloch, 1983; McCulloch et al, 1983) indicate long histories of LIL- and 
LRE- enrichment. In an attempt to assess the isotopic character of the 
deep subcontinental mantle beneath eastern Australia, we have analysed 
Cainozoic olivine leucitites from central New South Wales for Nd and Sr 
isotopic compositions.
The lavas are characterized by high Ti, K, P, Cr, Ni and Mg/(Mg + Fe) 
(Cundari, 1973) and have steep LREE-enriched REE patterns (Nd - 200x 
chondrites). Although the possibility of contamination by crustal rocks 
prior to or during emplacement must be considered, the high contents of REE 
and Sr make the Nd and Sr isotopic character relatively insensitive to 
crustal contamination. Sr and Nd isotopic compositions are quite uniform, 
ranging from 0.7050 to 0.7055 and e^d "1.2 to -2.5 respectively, and plot 
within the mantle array slightly below Bulk Earth on the versus egp 
diagram. Sr\jR and Nd^guR model ages are <200 Ma, while using depleted 
mantle parameters gives model ages of -700 Ma.
Several interpretations of our results are possible, the simplest 
being that the New South Wales olivine leucitites were derived from 
primitive undifferentiated mantle and were generated shortly (i.e., 
<200 Ma) before their emplacement. However, the bulk chemistry of the most 
primitive leucitites (Mg/(Mg + Fe) 270, Ni >*400 ppm) shows significant 
enrichment in 'incompatible elements' (K, Rb, Sr, Ba, Ti, Zr) except for Na 
suggesting derivation from a non-chondritic source. Alternatively, the 
agreement between Nd and Sr depleted mantle model ages may be indicative of 
their derivation from depleted mantle, requiring the enrichment event to 
have occurred up to 700 Ma prior to emplacement. A third alternative is 
that the Nd and Sr isotopic compositions result from the mixing of depleted 
and enriched mantle components as has been suggested for the lamproitic 
rocks from the Fitzroy area, Western Australia (McCulloch <jt al, 1983). 
However, the uniformity of the isotopic characteristics does not appear to 
favour this hypothesis. We are presently analysing representatives of the 
suite for Pb isotopic composition in an attempt to distinguish between 
these alternatives.
Our results contrast with those obtained for the Cainozoic alkali 
basalts of southeastern Australia (McDonough and McCulloch, this meeting) 
which appear to be derived from shallower, more depleted (less radiogenic 
Sr for equivalent cn )^ mantle sources. " The overlap of the isotopic 
compositions of the New South Wales leucitites with ocean islands data 
suggests that the deep (>100 km) subcontinental and oceanic lithospheres 
may have had similar histories.
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CARBONATITES AND OCEAN ISLANDS: RELATED 
MAGMATIC PRODUCTS?
D.R. NELSON, M.T. MCCULLOCH and A.R. CHIVAS
Research School of Earth Sciences, The Australian National University,
Canberra, A.C.T., 2601.
Geochemical and Sr, Nd, Pb, O and C isotopic data are reported for 
carbonatites from Australia, Uganda, Malawi, South Africa, Kaiserstuhl in 
Germany and Fen in Norway. Samples range in age from Proterozoic to 
Tertiary and possess initial 87Sr/86Sr isotopic compositions between 0.7025 
and 0.7036 and eNd values of from -0.4 to +3.8. On a Nd-Sr isotope 
diagram, most samples plot below and to the unradiogenic Sr side of the 
oceanic mantle array. Initial Pb isotopic compositions are radiogenic, with 
2°6pb/2°4pb from 19 21 to 21.15 and 207Pb/204Pb from 15.60 to 15.86, and 
generally lie within the field of St Helena-Austral type ocean islands. These 
data indicate that the sources of carbonatites have had time-integrated LREE- 
depletion, low Rb/Sr and high U/Pb. 5180  compositions range from +5.5 to 
+17.4 permil with the higher 8180  values found in the volcanic complexes, 
suggesting the involvement of secondary alteration processes. 513C ranges 
from -0.5 to -6.6 permil (vs PDB) with samples having near-primary 5180  
(between +5.5 and +8 permil) possessing 813C between -2.9 and -6.6 
permil.
The isotopic similarities between carbonatites and the St Helena-Austral group 
of ocean islands suggest a common origin for their magma sources. By 
inference, the isotopic characteristics of carbonatites are not strongly 
influenced by interactions with the continental crust or subcontinental 
lithosphere. These results also suggest that carbonate or C 0 2-rich phases 
may play an important role in generating the low Rb/Sr and Pb/U ratios 
characteristic of the St Helena type OIB source.
TERRA Cognita 6 (1986), 201-202.
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U L T R A P O T A S S IC  M A G M A S : E N D -P R O D U C T S  O F  S U B D U C T IO N  A N D  M A N T L E  R E C Y L IN G
O F  S E D IM E N T S ?
D.R. N elson, M .T . M cC u llo ch  and  A .E . R ingw ood 
Research School o f E a rth  Sciences, A u s tra lia n  N a tio n a l U n ive rs ity , C a n b e rra , 2601.
Isotopic studies indicate that some examples o f  potassic magmatism  are derived from  ancient, h ig h ly  enriched 
(rad iogen ic 87S r/86Sr, unradiogenic 143N d /144N d) sources, and in  an attempt to investigate die o rig ins  o f  these 
enriched components, we have undertaken a com parative Sr, Nd and Pb isotopic and geochemical exam ination o f  
potassic magmatism from  a number o f  localities. D iam ond-bearing lamproites from  Western Australia, leucitites from  
Gaussberg, h ig h -K  alkaline dykes from  M acR obertson Land, Enderby Land and Queen M ary  Land regions o f  east 
A n ta rc tica  and madupites, w yom ing ites and orendites from  Leucite  H ills , W yom ing, have rem arkab ly  s im ila r 
geochemical characteristics (Fig. 1). A l l  have h igh N i and C r contents and high M g numbers (each loca lity  averaging 
M g/(M g+ to ta l Fe)>0.65 w ith the exception o f  M anning M assif, M t Bayliss and Bunger H ills  samples, w h ich have M g 
numbers o f  0.58, 0.58 and 0.50 respectively) as w e ll as h igh to extrem e abundances o f  K 20, T i0 2, F, C l, S 0 2, H 20, 
P205, Ba, LR E E , h igh K 20/Na20, Fe3+/Fe2+, T h /U , La /N b and Ba/La ratios, lo w  K /Rb and K /B a  ratios and re lative ly  
lo w  abundances o f  A ljO ß , CaO and N a20. O n a S r-N d isotope diagram  (F ig. 2), these magmas lie  w ith in  the 
"enriched" quadrant, indicating that the ir sources have had long histories (>1 byrs) o f  h igh Rb/Sr and lo w  Sm /Nd (ie; 
LR EE enrichm ent). Pb isotopic compositions (F ig. 3) indicate multistage histories o f U/Pb fractionation, requiring an 
earlier h igh U/Pb stage to generate the h igh 207Pb/204Pb, fo llow ed  by a low  U/Pb stage during w hich the evo lu tion o f  
206Pb/204Pb is retarded.
There are a number o f possible mechanisms w h ich  could account fo r these unusual chem ical and isotopic 
properties, the most obvious o f which is crustal contam ination. However, the extremely h igh concentrations o f  Sr, Pb 
and the REE make these magmas insensitive to bu lk  contam ination processes, requiring the assim ilation o f  substantial 
amounts o f  crusta l m aterial to account fo r  th e ir  iso top ic  com positions. Because o f  th e ir extrem e degree o f 
LR EE -enrichm ent, bu lk  assim ilation o f  fe ls ic  granu lite  w ith in  the low er continental crust w il l  e ffe c tive ly  d ilu te  die 
incom patib le  element contents o f  the magmas and should there fore  produce a positive  co rre la tion  between Nd
concentration and eNd. In the case o f  the W estern Austra lian lamproites, a correlation in the opposite sense was noted 
by M cC u lloch  et al (1983). Crustal assim ilation via specialised mechanisms, such as selective vo la tile  transfer or zone 
re fin ing , is conceivable but is unable to  account fo r the h igh M g  numbers and N i and C r contents o r the presence o f 
mantle xeno liths (and in  one case, diamonds). Furtherm ore, the remarkable s im ila rities o f  unusual geochem ical and 
iso top ic  com positions o f  these magmas from  diverse loca litie s  are u n lik e ly  to be the result o f  random  crustal 
contam ination processes but instead, suggest the ir derivation by a comm on mechanism.
Figure 1. Trace element patterns, 
normalised to estimated prim itive 
mantle abundances, o f average potassic 
magmas (hatched) from  Western 
Australia (M cC ulloch et al 1983, 
Nelson et al 1986, Jaques et al 1984, 
Nixon et al 1984), Priestley Peak and 
Gaussberg, Antarctica (Sheraton and 
England 1980, Sheraton 1983, 
Collerson and M cC ulloch 1983, 
Sheraton and Cundari 1980) and Leucite 
H ills (orendites and wyomingites, from 
Kuehner et al 1981, Vollmer et al 
1984; Th and U data not available) 
compared w ith some examples of 
modem sediments (from Thompson et 
al 1984).
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Petrogenetic models invo lv ing  sm all degrees o f  partia l m elting  o f  a lhe rzo litic  or harzburg itic  mantle source 
w h ich  has been va riab ly  "metasomatised" by an incom patib le  element rich component have been advocated by a 
num ber o f  w orkers (eg; Jaques et al 1984, V o llm e r et al 1984). For example, enrichm ent events w ith in  the 
subcontinental lithosphere or upper mantle m ay result in crystallisation o f  phlogopite and L IL -r ic h  titanates which are 
later reactivated to produce iso top ica lly  evo lved ultrapotassic m agm atism  (cf. Jaques et al 1986). However, these 
models frequently  fa il to address the c ruc ia l question o f  the u ltim a te  source o f  these m etasom atic components. 
Furthermore, the unusual multistage histories o f  U/Pb fractionation indicated by the Pb isotopic compositions o f  diese 
magmas, pa rticu la rly  the earlier h igh U/Pb stage, are not readily explained by models w h ich  favour the generation o f  
these "metasomatic" components entire ly w ith in  the upper mande o r subcontinental lidiosphere.
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Figure 2. Initial Sr-Nd isotope diagram showing 
fields for Western Australian lamproites (McCulloch et 
al 1983), Leucite H ills (Vollm er et al 1984 and 
analyses o f two wyomingites from this study), 
Gaussberg (Collerson and McCulloch 1983) and the 
Priestley Peak melasyenite at its emplacement age of 
482 myrs (initial Sr and age data from Black and James 
1983). Initial eNd values for Manning M assif 
tristanite (emplacement age; 50 myrs, from Sheraton 
1983), M t Bayliss alkali melasyenite (414 myrs old) 
and Bunger Hills trachybasalt dyke (Cambrian or 
younger) are -9.3, -12.3 and <-16.3 respectively. 
Initial Sr not determined for these samples. Field of 
mid-ocean ridge basalts shown for comparison.
F igure  3. Pb-Pb isotope diagram showing 
compositions o f Western Australian lamproites and 
Gaussberg leucities (from Nelson et al 1986), Leucite 
Hills and Antarctic dykes (A -= measured, A « age 
corrected). Field o f mid-ocean ridge basalts for 
comparison. Corrections to 206Pb/204Pb for decay 
since emplacement are small for the 50 myr old 
Manning Massif tristanite and because o f its low  
U/Pb, to the M t Bayliss alkali melasyenite dyke but 
are considerably larger for the Priestley Peak 
melasyenite. Age corrections to the measured 
207Pb/204Pb ratios are within analytical error for the 
Manning Massif and M t Bayliss samples. The exact 
emplacement age of the Bunger Hills trachybasalt dyke 
is uncertain but is believed to be Cambrian or 
younger. Its high measured 207Pb/204Pb requires a 
long history (>1 byrs) o f high U/Pb and is a feature 
that predates emplacement. The general features o f the 
Nd and Pb isotopic compositions of the Antarctic 
dykes are independent o f any uncertainty introduced by 
the age corrections and are similar to those o f 
lamproites from Western Australia and leucitites from 
Gaussberg.
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We propose that the geochemical and isotopic characteristics of these and possibly other examples of continental 
potassic magmatism are due predominantly to the involvement o f a sedimentary component, and that these magmas 
represent mixtures o f mantle and the fusion products o f ancient sediments which have been subducted into the mantle 
(to depths within the field o f diamond stability) and stored for long time periods within the subcontinental lithosphere. 
A number o f other studies (see, for example, Nelson et al 1986 and references cited therein) have argued for the 
involvement o f more recently subducted sediments in the generation of highly potassic magmatism from Italy and 
Spain, whilst the arclike Ba/La, Ba/Nb and La/Nb ratios of some examples o f continental potassic magmatism has 
been previously pointed out by Thompson et al (1984) and Vame (1985). The high abundances o f F, Cl, P205, S02 
and H20, high K/Ba and low K/Rb ratios o f these examples of continental potassic magmatism, their highly oxidised
nature (evidenced by their high Fe3+/Fe2+) and their radiogenic Sr and unradiogenic Nd are readily explained by the 
involvement o f a sedimentary component. Bv analogy with modem sediments, ancient oceanic sediments w ill 
probably have possessed high 206Pb/204Pb and 207Pb/28:4Pb due to the contribution o f radiogenic Pb from the upper 
continental crust. Although the U/Pb ratio o f modem pelagic oceanic sediments is variable, it is frequently low, and 
may have been generally lower during the Archean when the lower degree o f oxidation o f the Earth's atmosphere 
would favour the less soluble U4+ ion over U6+. Ancient sediments therefore probably possessed low U/Pb ratios and 
the isotopic evolution o f Pb would have been severely retarded following its erosion from the continents and 
deposition in the ocean basins. Hence, the unradiogenic ^ P b /^ P b  of continental ultrapotassic magmas may be an 
indication o f the time elapsed during sedimentation and storage within the mantle or subcontinental lithosphere, 
whereas the variation in ^ T b /^ P b  may reflect the nature and age o f the continental provenance.
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The presence of diamonds in the Western Australian lamproites provides further support for the involvement of 
sediment recycling processes, as an extremely wide range of 9 l4C values (including values as low as -34 per mil) have 
been documented by carbon isotopic studies of diamonds from kimberlites and lamproites (see Ozima et al 1985 and 
references therein), consistent with an origin of some diamonds from sedimentary sources of carbon. A wide range of 
3He/4He ratios were also.recently reported by Ozima et al (1985) for diamonds. These authors interpreted the high 
3He/4He ratios of some South African examples as indicating that these diamonds had remained closed systems for 
almost the age o f the Earth. However, an‘alternative interpretation is offered by the recently confirmed high 3He/4He 
ratios of modem ocean sediments (Ozima et al 1984) and manganese nodules (Sano et al 1985), believed to be carried 
by interplanetary dust particles. Furthermore, a common mineral assemblage of diamond inclusions, olivine + 
knorringite-rich garnet + enstatite, has been attributed to recrystallisation of the residue of olivine + chrome spinel + 
enstatite cumulates within oceanic crust following its hydrothermal alteration and partial melting during subduction into 
the mantle (Ringwood 1977). These data argue for the involvement of components derived from both subducted 
sediments and «nut in the formation of diamonds
Although these examples of continental potassic magmatism are not obviously associated with any known 
modem or past subduction zones, their unusual multistage Pb isotopic compositions require a significant time period 
(probably much greater than 1 byrs) to have elapsed between the fractionation events lowering the U/Pb ratio (ie; 
erosion and sedimentation at the Earth's surface) and subsequent potassic magmatism. As these suites all intrude old 
Archaean or Proterozoic cratons, their sources are probably stored for long periods within the subcontinental 
lithosphere. The existence of substantial reservoirs o f low U/Pb, enriched mantle components within the 
subcontinental lithosphere may also account for the generally radiogenic Pb o f the MORB and ocean island source 
reservoirs.
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Abstract— Pb, Nd and Sr isotopic compositions arc reported for ultrapotassic rocks from a variety of tectonic 
settings. Olivine leucititcs located within the Palaeozoic Lachlan Fold Belt of southeastern Australia have a 
range in initial "’Sr/^Sr of from 0.7042 to 0.7056, values of + 1.5 to -4 .1  and 207Pb/20*Pb of 15.55 to 
15.60. These isotopic characteristics overlap with those of contemporaneous alkali basalts and suggest der­
ivation of the leucititcs from sources which have been variably contaminated by either the hotspot which 
initiated volcanism or during earlier enrichment events. Lamproites from the West Kimberley region of 
Western Australia and leucititcs from Gaussbcrg intrude stabilised Prccambrian continental crust and have 
low ^ P b /^ P b  (<17.86 and <17.60 respectively) and high ^ ’Pb/^P b (>15.69 and >15.65). Pb isotope 
correlations displayed by the Western Australian lamproites are consistent with the mixing of an ancient 
(>2.1 byr old) high 207Pb/204Pb, low ^ P b /^ P b  component with more typical mantle Pb. These ancient 
components probably evolved within the subcontinental lithosphere. Lamproites from southeastern Spain, 
which have geochemical features (i.e. negative Ti- and Nb-anomalics) suggesting a subduction-relatcd origin, 
possess isotopic compositions (*7Sr/*6Sr = 0.7173 to 0.7207, 206Pb/204Pb = 18.66 to 18.81, 207Pb/2<MPb 
= 15.67 to 15.74 and <Nd = — 11.2 to — 12.6) and isotope correlations consistent with contamination of their 
sources by a component resembling modern oceanic sediments. This component is isotopically similar to 
that previously identified in the potassic rocks of Italy. A leucitite from a back-arc setting in the Sea of Japan 
has Pb isotopic composition similar to some ocean islands such as Kerguelen. The available isotopic data 
from this and other studies implicate enrichment processes frequently involving ancient, isotopically evolved 
components in the generation of continental potassic magmatism. These components are probably polygenetic 
with possible sources including subducted sediments, “megaliths” o f recycled crust or the subcontinental
lithosphere.
INTRODUCTION
A variety OF mechanisms have been proposed to ex­
plain the unusual and diverse chemistry of represen­
tatives of the ultrapotassic rock suite, yet no single 
mechanism has so far proved entirely satisfactory. Al­
though many examples of ultrapotassic volcanism 
possess geochemical features consistent with a mantle 
origin, it is also apparent that the characteristic feature 
of ultrapotassic rocks, their high K/Na ratios, is unlikely 
to result from the direct partial melting of unmodified 
or ‘primitive’ mantle peridotite. Experimental work 
(e.g., Eggler, 1978; Wendlandt, 1984; Foley el ai, 
1986) has demonstrated that melts of peridotite formed 
in the presence of C 0 2 at pressures <=»27 kb would be 
carbonatitic, while the presence of H20  or, F may en­
hance the stability of phlogopite. These studies suggest 
that small degrees of partial melting of phlogopite- 
bearing peridotite at depths below the level of amphi- 
bole stability and in the presence of C 02 might produce 
a high K20  liquid with high Mg/Ca. The prerequisite 
modification (i.e. by the addition of volatiles) of the 
mantle sources of ultrapotassic roots has commonly 
been attributed to metasomatic processes, often con­
sidered to be associated with either intraplate rifting 
or subduction (e g. Cundari, 1979; Edgar, 1980).
A number of recent studies of ultrapotassic rocks 
(Vollmer and Norry, 1983; McCulloch et al., 
1983; Collerson and McCulloch, 1983; Vollmer 
et al.. 1984; Fraser et al.. 1985) have found Sr and 
Nd isotopic compositions indicating long histories of
high Rb/Sr and Nd/Sm. As the generally very high 
abundances of trace elements (including Sr, Nd and 
Pb) of ultrapotassic lavas make them insensitive to bulk 
crustal contamination processes, these isotopic signa­
tures have been interpreted as indicating derivation 
from ancient incompatible element enriched mantle. 
For example, diamond-bearing lamproites from West­
ern Australia have Sr and Nd isotopic compositions 
indicating enrichment in Rb/Sr and Nd/Sm for at least 
=» 1 byrs (McCulloch et al., 1983), yet their major 
and trace element geochemistry argues against sub­
stantial assimilation or anatexis of continental crust. 
Most occurrences of highly potassic volcanism with 
these unusual isotopic features are found in old con­
tinental regions, suggesting that enriched components 
may exist within some regions of subcontinental litho­
sphere. The discovery of isotopic compositions indi­
cating ancient enrichment in sub-calcic garnet inclu­
sions in diamonds from African kimberlites led Rich­
ardson et al. (1984) to propose that a harzburgitic 
subcontincntal lithosphere, stabilised to depths within 
the diamond stability field since the Archaean, is the 
source of diamonds and by implication, diamond- 
bearing kimberlites and lamproites themselves. The 
low velocity zone, defined by the attenuation ofs-wave 
velocity and where the geothermal gradient approaches 
or intersects the melting curve, may contain small 
amounts of melt which are likely to be highly enriched 
in incompatible elements (eg. G reen, 1976). Cooling 
of the lithosphere may result in the incorporation of 
such incompatible element enriched material within
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the base of the subcontinental lithosphere, allowing its 
long term storage and eventually producing isotopically 
evolved, “enriched” mantle.
Several authors ( C h a s e , 1981; H o f m a n n  and 
W h i t e , 1982; R i n g w o o d , 1982) have suggested that 
ancient mantle enrichments such as those identified 
by isotopic studies of some ocean island basalts may 
be the result of the recycling of oceanic crust and sed­
iments into the mantle via subduction. Highly incom­
patible element enriched partial melts of the subducted 
“ megalith” generated as it attains thermal equilibrium 
with the surrounding mantle are envisaged to rise as 
magma diapirs, contaminating the overlying mantle 
and producing the alkali basaltic volcanism of ocean 
islands ( R i n g w o o d , 1982). Such plumes could con­
ceivably also be the sources of ultrapotassic magmas, 
providing an explanation for the radiogenic Sr and Pb 
and unradiogenic Nd isotopic signatures found in some 
ultrapotassic suites.
Apart from models invoking origins from mantle 
reservoirs enriched in incompatible elements, it is also 
apparent from isotopic studies that members of the 
ultrapotassic suite may be derived from primitive or 
even originally incompatible element depicted mantle. 
As ultrapotassic magmas are believed to originate from 
considerable depths (as evidenced by the presence of 
diamonds in lamproites from Western Australia), they 
provide a direct means of sampling the deep subcon- 
tincntal lithosphere. The origins of enriched mantle 
components are of particular interest because of their 
implications for both the Earth’s trace element and 
isotopic budget and recent proposals of crustal recycling 
via subduction. In the following study, we present iso­
topic analyses of ultrapotassic rocks from a variety of 
tectonic settings in an attempt to investigate these 
models.
SAMPLES
Samples have been selected from a variety o f tectonic set­
tings, including both relatively young fold-belt terrains and 
stable cratons. The southeast Australian olivine leucitites occur 
as m inor flow remnants along a north-south trending line 
extending from central New South Wales to Cosgrove in V ic­
toria (Fig. 1). The geochemistry and mineralogy o f the New 
South Wales occurrences have been described by Cu n d a r i 
(1973) and the Cosgrove occurrence by B irch  (1978). The 
leucitites arc located w ith in the Lachlan Fold Belt, which con­
sists o f Palaeozoic gcosynclinal sediments and granites and is 
possibly underlain by Precambrian basement. Leucitite out­
crop distribution was noted by Cu n d ar i (1973) to conform 
to regional north-south structural trends, characterised by 
block-faulting and regional uplift. Potassic volcanism is tem­
porally and spatially closely associated with alkali basalts, 
which several studies (e.g. W ass and ROGERS, 1980; O 'R eilly  
and G r iff in , 1984) have shown to have been derived from 
metasomatised mantle. W e llm an  and M c Do u g a ll  (1974) 
demonstrated a prominent southward temporal migration o f 
Cainozoic igneous activity, a feature also displayed by the 
leucitites, and attributed it to the northward migration o f the 
eastern part o f the Australian continent over several hotspots. 
Su th e r la n d  (1983) proposed that the southerly migration 
o f volcanism may have been related to movement o f the con­
tinent over former sites o f sea-floor spreading.
A vitrophyric analcimite occurrence at Inglewood in south­
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Fig . 1. Generalised geology o f the Kimberley region (upper 
diagram), northwest Australia, showing localities o f the El- 
lendale (E), Calwynyardah (C) and Noonkanbah (N) fields, 
and the distribution o f leucitite volcanism in southeast Aus­
tralia (lower diagram) relative to Tertiary-Recent alkali basaltic 
volcanism. H — Harden analcimite (Early Jurassic age). Inset: 
BH— Begargo H ill, BU— Burgooney, BY— Bygalore, CO— 
Condobolin, FH— Flagstaff H ill, G H —Gorman H ill, LC— 
Lake Cargellico, T L — Tullibigeal.
eastern Queensland (see Fig. 1) was described by W ilk in s o n  
(1977), who considered the analcime to be an alteration prod­
uct o f lcucite. The analcimite is believed to be o f Cainozoic 
age (probably Late Oligocene-Early Miocene) and is possibly 
related to the extensive Cainozoic alkali basaltic volcanism 
o f southeastern Queensland.
The Harden olivine analcimite, located «=200 km southeast 
o f the New South Wales leucitite occurrences (see Fig. 1), is 
o f Early Jurassic age (W e llm a n  el a!., 1970). M ajor and trace 
element analyses reported by Cu n d a r i (1973; analysis HAR 
II) suggest affinities with nepheline-bearing mid-Mesozoic in­
trusions and m inor flows which occur throughout the south­
eastern highlands region o f New South Wales.
The location, geochemistry and mineralogy o f the ultra­
potassic rocks from southeastern Sprain is given in V enturelli 
el al. (1984). The tectonic evolution o f the region is contro­
versial, but most models invoke recent subduction processes. 
A rana  and V egas (1974) proposed that the increasing K 
content o f calc-alkaline volcanism from south to north ind i­
cates that a northward-dipping subduction zone was active 
during the Lower Miocene. The ultraprotassic rocks were re-
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garded as the most northerly and therefore deepest expression 
of arc volcanism resulting from the subduction of the African 
plate under the Iberian plate. A possible association between 
potassic volcanism and post-Nappe block faulting during the 
Pliocene was suggested by Nixon et al. (1984).
Uilung-do (Utsuryoto) Island is located in the western part 
of the Sea of Japan, 130 km off the eastern coast of Korea. 
Petrological studies by TSUBOI (1920) recognised several stages 
of volcanism, commencing with predominantly basaltic vol­
canism followed by trachytic and phonolitic flows and py- 
roclastics. Leucite-bearing lavas were described from an intra­
caldera dome at Arpong Hill, and were interpreted by TSUBOI 
(1920) to be the products of the final stage of volcanism on 
the island.
The early Miocene Western Australian lamproites consist 
of some «s 100 bodies intruding the Precambrian to Mesozoic 
rocks of the King Leopold Mobile Zone, the Lennard Shelf 
and the Fitzroy Trough, immediately south of the south­
western margin of the Precambrian Kimberley Block (AT­
KINSON el al., 1984, see Fig. 1). Many of the intrusions are 
localised along deep west northwest-trending tensional faults 
and fractures with long histories of activity. Details of the 
geochemistry and mineralogy of the lamproites can be found 
in Jaques el al. (1984a). The samples analysed for Pb isotopic 
composition in this study are the same as those analysed by 
McCulloch el al. (1983) for Nd and Sr isotopic composition.
Gaussberg is an isolated volcano located on the eastern 
margin of the Antarctic continent. Gaussberg leucitites are 
characterised by extreme K20  (up to 12 wt%) and incompatible 
element contents, high T i02 (averaging 3.4 wt%) and Mg/ 
(Mg + Fe) values «0.70 (Sheraton and Cundari, 1980). 
Attempts have been made to relate Gaussberg volcanism to 
hotspot activity (Duncan, 1981) but, as emphasised by 
Sheraton and Cundari (1980), there is no evidence relating 
the volcanism to any other area of Cainozoic volcanic activity. 
Isotopic analyses of granitic crustal xenoliths indicate their 
derivation from early Proterozoic or late Archaean crust
(Collerson and McCulloch, 1983), suggesting that 
Gaussberg is sited on stable continental basement.
The trace element geochemistry of the suites investigated 
in this study is summarised and compared to average kim­
berlite values in Fig. 2. Complete trace element data are not 
available for the southeast Australian suite or Ullung-do Island 
leucitites. The available data indicate that New South Wales 
leucitites have overall abundances of the highly incompatible 
elements Pb, Rb and Ba (average 90, 230 and 260 times prim­
itive mantle values, respectively) intermediate between average 
kimberlite values and those of Spanish and Western Australian 
lamproites and Gaussberg leucitites. Noteworthy is the re­
markable similarity in the trace element characteristics of leu­
citites from Gaussberg and those of the Western Australian 
lamproites. Isotopic studies of Gaussberg (COLLERSON and 
McCulloch, 1983) and of the Western Australian lamproites 
(McCulloch et al.. 1983) indicates that the suites also have 
similar Nd and Sr isotopic character. The patterns display 
extremely high abundances of all trace elements with pro­
nounced positive barium spikes. The patterns of the Spanish 
lamproites are characterised by similar overall abundances 
but with negative anomalies of niobium and titanium—fea­
tures commonly observed in island arc lavas. Nixon el al. 
(1984) contrasted the chemistry of the Western Australian 
and Spanish lamproites, noting the higher K20/A l20 3, T i02 
and incompatible elements Ba, Sr, and Nb of the Western 
Australian lavas. The Spanish lavas also have lower abun­
dances of the LREE, negative Eu anomalies and higher abun­
dances of the HREE, leading Nixon et al. (1984) to propose 
that they were derived from shallower depths than the Western 
Australian suite.
ANALYTICAL PROCEDURE
Approximately 500 mg of sample chips or powder was dis­
solved using hydrofluoric and perchloric acids in teflon bombs 
at 200°C for at least 48 hours. The resulting solution was
2000
1000
▼ WA lamproites
* Spanish lamproites
•  Gaussberg
4 average kimberlite
Fig. 2. Averaged trace element abundances in lamproites from Western Australia and SE Spain and 
leucitites from Gaussberg, normalised to estimated primitive mantle abundances (shown in ppm). Normalised 
trace element abundances in “average” kimberlite shown for comparison. Data sources: Spanish lamproites, 
Venturelli el al. (1984), Nixon et al. (1984), this study; Western Australian lamproites, Jaques et al. 
(1984a), McCulloch et al. (1983), this study; Gaussberg leucitites, Sheraton and Cundari (1980), Col­
lerson and McCulloch (1983); “average" kimberlite, Wedepohl and Muramatsu (1979).
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converted to chloride form using hydrochloric acid and split 
into 3 aliquots, one o f which was spiked with both mixed 
*5Rb-,4Sr and l47Sm-l30Nd spikes, the second with 235U-20*Pb 
spike and the third aliquot used for Pb isotopic composition. 
The remaining procedure for Rb-Sr and Sm-Nd analysis fol­
lows that o f McCulloch and Chappell (1982). Mineral 
separates were leached in 6 N HC1 for 10 minutes to remove 
surface contamination. Pb was isolated from the spiked and 
unspiked aliquotst>y 2 passes through 2 gm Dowex-1 anion 
exchange columns using HBr-HCl for the first pass and HCl 
only for the second pass. About one microgram o f Pb was 
then loaded onto an outgassed single rhenium filament and 
analysed using the silica-gel/phosphoric acid technique. A 
correction factor, determined by comparison o f multiple 
analyses o f NBS-982 with the corrected values o f Catanzaro 
et al. (1968), was applied to the raw measurements to correct 
for mass fractionation. The correction factor averaged 0.15% 
mu-1. The total processing blank was <10 ng for whole-rock 
samples and « 3  ng for mineral separates and is insignificant 
for all samples analysed. As analytical precision for each run 
was typically better than ±0.008 (2am„ n) for 207Pb/J04Pb, the 
main source o f analytical error is due to variable mass frac­
tionation. In order to obtain a meaningful estimate o f the 
total error, 30 o f the total o f 40 Pb analyses listed in Table 2 
were performed in duplicate. For duplicated analyses, quoted 
ratios refer to means o f both analyses. Two way analysis o f 
variance indicates that duplicate analyses o f samples agree 
within the following errors at the 1 a level; ^ P b /^ P b  error 
±0.011, ^ P b /^ P b  error ±0.014, » » p b /^P b  error ±0.033. 
The values obtained for NBS-981 common Pb standard during 
this study (average o f 7 analyses, error 2<jmcan) are ^ P b /^ P b  
= 16.927 ±0.009, » ’ p b /^P b  = 15.486 ±  0.013, ^ 'P b /^ P b  
= 36.668 ±  0.044.
RESULTS
SE A ustralian  leucitites
The results o f Rb/Sr, Sm/Nd and U/Pb concentration and 
isotopic analysis are presented in Tables 1 and 2 and compared 
with other relevant data in Figs. 3, 4 and 5. K /A r dating o f
the suite gave ages ranging from 10-16 myrs for the New 
South Wales representatives and 6 myrs for the Cosgrove oc­
currence (Wellman et al. , 1970; Wellman, 1974; Suth­
erland, 1983). Where necessary, quoted ages have been re­
calculated using the constants o f Steiger and Jager, 1977. 
The correction for radiogenic decay since emplacement is 
w ith in or just outside analytical uncertainty for Sr and Nd 
isotope systems and for most o f the Pb analyses. Nd/Sm ranges 
from 5.4 to 7 .1 (chondritic «  3), indicating that the leucitites 
are highly LREE-enriched. Nd and Sr isotopic compositions 
lie w ith in the mantle array (Fig. 3), extending from the “ de­
pleted" quadrant for the most southerly occurrence, the Cos­
grove leucititc (<Nd = +1.5, S7Sr/**Sr = 0.7042), into the “ en­
riched”  quadrant for the most northerly New South Wales 
occurrence at El Capitan (eNd = —4.1, l7Sr/*6Sr = 0.7057). As 
thorium concentrations were not determined for the southeast 
Australian rocks, the small age corrections to ^ 'P b /^ P b  were 
made assuming T h /U  = 4. The Condobolin leucitite (GA- 
3476) has high U/Pb and the age correction to ^ P b /^ P b  
and ^ P b /^ P b  is significant compared to the analytical error. 
Age corrected Pb isotopic compositions show little  variation, 
with the exception o f the Cosgrove sample which has signif­
icantly lower 207Pb/204Pb than the other members o f the suite, 
and El Capitan which has slightly lower ^ P b /^ P b .  The Pb 
isotopic compositions o f the New South Wales leucitites are 
characterised by relatively high ^ P b /^ P b  and ^ ’ P b /^P b  
compared to those o f MORB but are sim ilar to those deter­
mined by Cooper and Green (1969) for contemporaneous 
Tertiary-Recent continental alkali basalts from western V ic­
toria.
The Cosgrove leucitite is chemically and petrographically 
distinct from the New South Wales leucitites, being poorer in 
olivine and leucite and richer in clinopyroxene (Birch, 1978), 
reflected in its lower Mg, K, Rb, Ni, and higher in Ca, Fe, 
Na, and possibly T i contents and lower LREE/HREE. These 
features imply derivation o f the Cosgrove leucitite from a more 
depicted source than the New South Wales leucitites, consistent 
with the isotopic data (i.e. the lower “ ’ P b /^P b  and ,7Sr/**Sr 
and higher l43N d /l44Nd o f the Cosgrove leucitite). The Cos­
grove leucitite has Pb, Sr and Nd isotope compositions w ithin 
the range determined for the southeast Australian Tertiary-
TABLE 1. S t r o n t i u m  and Neodymium I s o t o p i c  Data
Sample Rb Sr  Sm
ppm
Nd ’ R b / “ Sr ”  Sr/* * S r 1 • ’ S r C s r U ) * 1 * ’Sm/ 1“ *Nd 1 % * N d / 1% *Nd* cNd
NEW SOUTH HALES
C A -3170 Begargo H i l l 179 2065 11.5 8 8 .9 0 .2 5 0 0 .7 0 5 6 2 i1 0 .70557 0 .0 9 89 0 .5 1 18 2x 2 - 0 . 3
C A -317I Begargo  H i l l 78 .9 1251 11.1 8 6 .6 0 .1 8 2 0 .7 0 5 1 1±3 0.70511 0 .0 9 83 0.5 1180x1 - 0 . 7
GA-3172 B y g a lo re 159 1779 21 .6 159 .0 0 .2 5 8 0 .7 0523x6 0 .70519 0 .0 9 38 0 .5 1 17 7x 2 - 1 . 3
CA -3 I|73 B y g a lo re 128 1577 20.0 121 .9 0 .231 0 .7 0522±1 0 .7 0518 0 .0 9 73 0 .5 1 18 1x 3 - 0 . 6
GA-3*17 Gorman H i l l s 117 1396 20 .7 135.1 0 .3 0 5 0 .7 0 50 2  t i 0 .7 0196 0 .0 9 37 0 .5 1 1 8 1 x2 - 0 .1
CA-3175  T u l l l b l g e a l 173 1353 18.9 119.1 0 .3 6 9 0 .70551±5 0 .7 0 51 8 0 .0 9 6 2 0 .5 1 17 8x 3 - 1.1
GA-3I 76 C o n d o b o l in 135 1191 11.9 93 .0 0 .2 6 0 0 .70506±6 0.70501 0.0 967 0 .5 1 18 5x 3 ♦0 .3
GA-3H78 L.  C a r g e l l l c o 113 1670 17.3 107.1 0 .2 1 8 0 .7 0525x1 0 .7 0520 0 .0 9 79 0 .5 1 18 1x 2 - 0 .5
CA -3I 8O Bur gooney 105 1323 11.6 88 .6 0 .2 2 9 0 .70513X» 0 .7 0 50 8 0 .0 9 9 8 0.51181x1 ‘ 0.1
CA-3I 8 I F l a g s t a r r 185 1265 15.1 92 .7 0 .1 2 3 0 .7 0522x1 0 .70515 0 .0986 0 .5 1178x2 - 1 . 2
CA-3179  E l  C a p i ta n 265 972 16.7 118 .3 0 .5 9 6 0 .7 0572x1 0.70561 O.O851 0 .5 1163x2 . 1
VICTORIA
E7980 Cosgrove 76 1230 13.9 7 5 .2 0 .179 0 .7 0 12 2x 3 0 .70120 0 .1117 0 .5 1 19 2x 2 ‘ 1.5
QUEENSLAND
HH-321 In g le w o o d  56.1
NEW SOUTH HALES JURASSIC
1192 15-9 9 0 .9 0 .1 0 9 0 .70 51 8x5 0 .70515 0.1 057 0 .5 1 17 7x 2 - 1 . 2
70-139  Harden 96 816 9.27 1 9 .3 0 .1 2 3 0 .7 0522x1 0 .70103 0 .1 1 39 0 .5 1 18 5x 2 ‘ 0 .3
SPANISH LAMPROITES
SP-03 I  A l j o r r a 176 5«7 19.1 100 .7 0.931 0 .72 08 3x6 0 .72073 0 .1118 0 .51 12 6x2 - 1 1 . 2
SP-039 Zene ta 173 555 18.7 9 0 .0 0 .9 03 0 .7 2069x1 0 .72060 0 .1257 0 .5 1 11 9x 2 - 1 2 . 6
SP-011 F o r tu n a 29.9 558 21 .7 108.1 0 .1 55 0 .7 1 79 8x 3 0 .71796 0.1211 0 .5 1 12 5x 2 -1 1 .1
SP-019 F o r tu n a 306 539 2 3 . " 120 .5 1 .617 0 .7 1 80 9x 3 0 .7 1792 0 .1 1 75 0 .5 1 12 6x 2 - 1 1 . 2
SP-055 J u m l l l a 232 816 2 8 .0 118.1 0 .8 22 0 .7 1 68 8x 5 0 .7 1680 0 .1 1 12 0 .5 1 12 2x 2 -1 2 .1
SP-067 C a n c a r l x 211 902 30 .2 160.1 0.7 71 0 .71 75 0x5 0 .71712 0 .1 1 38 0 .5 1 12 5x 2 - 1 1 . 5
SP-077 C a la s p a r r a 266 581 30.7 161 .3 1.317 0 .72 07 1x6 0.72061 0.1151 0 .5 1 12 1x 3 -1 1 .7
SP-081 P ueb la  de Mula "13 991 22.8 107 .7 1.205 0 .7 1 71 5x 5 0 .71733 0 .1 2 79 0 .5 1 12 1x 2 - 1 1 . 6
1 A l l  e r r o r s  quo ted  r e f e r  t o  
1* ’ S m /1' "N d , 0 . 1 *  ( 2 0 ).
w l t h i n ru n  p r e c i s i o n a t  t h e  2«'mean U n c e r t a i n t y  I n  ‘' ’ R b / “ Sr I s 0 . 2 5 *  ( 1 o ) .  In1
I n i t i a l  Sr c a l c u l a t e d u s in g t h e  ( r e c a l c u l a t e d )  K /A r  ages o f  Wel lman e t  a l  ( 1 9 7 0 ) .  He i lm an  (1 971 ) and S u t h e r l a n d
(1 9 83 )  f o r  s o u t h e a s t  
I s o t o p i c  c o m p o s i t i o n s
A u s t r a l i a n  sam p le s ,  22 myrs 
I s  w i t h i n  a n a l y t i c a l  e r r o r
f o r  I n g le w o o d  and 7 myrs For S pa n is h  s u i t e .  Age 
f o r  a l l  samp les e x c e p t  Harden (see  t e x t ) .
c o r r e c t i o n  t o Nd
Nd I s o t o p i c  r a t i o s  n o r m a l i s e d  u s in g  
NBS-987  s t a n d a r d  v a lu e  I s  0 . 7 1 0 2 2 t 1! ,  E
N d / N d -0 . 6 3 6 1 5 1 .  The v a l u e  
1 A s t a n d a r d  o a r b o n a te  v a l u e
o b t a i n e d  f o r  BCR-
l s  0 .7 0 8 0 0 x 3 .
1 s t a n d a r d I s  0 .5 1 18 33 x 2 0 .
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TABLE 2. Uranium, Thorlua ,  Lead Concen t ra t ion  and Pb I s o to p lo  Data
Sample U1 Th
PP<
Pb 1
1 -------
, , , U / , , *Pb • “ Pb /1 *■•‘ Pb* **1 *Pb / ’ * ‘ Pb • • • P b / ' '**Pb
NEW SOUTH VALES
CA-3*»70 Begargo H i l l - - 18.235 15.595 38.699
CA — 31 *71 Begargo H i l l * * - 18.217 15.621 38.333
GA-3972 Bygalore 2.*>3 - 9.69 18.9 18.223 (1 8 .1 9 ) '1 15.618 38.202 (38 .16 )*
GA-3173 Bygalore 2.92 11.33 15.9 18.295 (18.21 ) 15.603 38.135 (38.09)
GA-3979 Gorman H i l l s 2.*»3 11.05 15.7 18.121 (18.09) 15.606 38.396 (38.30)
GA-3975 T u l l l b l g e a l 2.96 - 12.33 19.9 18.079 (18.05) 15.623 38.295 (38.27)
GA-3I 76 Co+dobol In 2.72 - 2.2 89.9 18.930 (18.25) 15.593 38.532 (38.30)
GA-3978 L. C a rg e l l l o o - - 21 .5 18.308 (18.27) 15.617 38.270
GA-3980 Burgooney - - 18.236 15.589 38.908
. CA-3981. F la g s t a r r - - 18.172 15.595 38.193
GA-3979 El Capl tan 2.19 “ 9-32 16.6 17.877 (17.89) 15.593 38.125 (38.07)
VICTORIA
E7980 Cosgrove - - - 18.350 15.553 38.395
QUEENSLAND
HH-321 Inglewood 3.19 - 6.92 39.5 19.156 (19 .09) 15.637 39.522 (39.37)
NEW SOUTH WALES JURASSIC
70-139 Harden - - - - 19.075 15.579 38.995
SPANISH LAMPR0ITES
SP-O39 A l j o r r a - - 89.9 - 18.659 15.675 39.025
SP-039 Zeneta - (85) - - 18.755 15.706 39.069
SP-099 For tuna 21 .9 - 105 15.9 18.793 (18.78) 15.739 39.198 (39.18)
SP-099 Fortuna 20.3 (89) 69.9 23-9 18.759 (18.73) 15.688 39.067 (39.03)
SP-055 J u m i l la 15.9 (105) 67.0 17.1 18.802 (18.78) 15.718 39.196 (39.10)
SP-067 Canoar ix 15.9 (128) 117 10.0 18.788 (18.78) 15.702 39.089 (39.05)
SP-077 Calaspa rra - (112) - 18.815 15.712 39.066
SP-081 Puebla de Mula 29.0 (123) 79.8 28.7 18.809 (18.78) 15.715 39.065 (39.02)
ULLUNG-D0 ISLAND
5th stage l e u c i t i t e 18.005 15.505 38.659
WESTERN AUSTRALIAN LAHPR0ITES
VAK-2L Mt North (7) (59) 69.6 (7 .8 ) 17.990 (17.92) 15.773 38.919 (38.35)
WAK-6L Oscar Plug (8) (21 ) (96) (12.5) 17.538 (17.50) 15.687 38.093 (38.01)
WAK-10L Mt Percy (8) (68) 109 (5 .5 ) 17.329 (17.31 ) 15.733 38.199 (38.15)
ph logop l te - - - - 17.392 15.736 38.167
WAK-11L Noonkanbah - - (37) 17.998 15.729 38.079
WAK-13L 'P* H i l l  cpx - - - 17.352 15.729 37.919
WAK-19L F ishery  H i l l (1) (21) (51) (1 .9 ) 17.239 (17.23) 15.716 37.797 (37.77)
WAK-25L Walgldee H i l l (3) (25) (96) (9 .7 ) 17.919 (17.90) 15.729 38.096 (38.06)
VAK-30L Walgldee H i l l (2) (30) (23) (6 .2 ) 17.985 (17.96) 15.699 38.096 (37 .95)
VAK-15K E l len da le ( < n (59) (32) (<2 .2) 17.599 (17.59) 1^.769 38.966 (38 .33)
VAK-16K E l le n da le 3.23 (18) (22) (6 .6 ) 17.882 (17.86) 15.791 38.593 (38.53)
VAK-17L E l len da le 2 .1 0 (19) (50) (7 .2 ) 17.287 (17.26) 15.758 38.190 (38.12)
WAK-20K E l le n da le (9) ( 6 0 ) (97) ( 6.1  ) 17.959 (17.93) 15.705 38.300 ( 3 8 . 2 1 )
WAK-21K E l len da le ( 2 ) (63) (53) (2 .7 ) 17.973 (17.96) 15.730 38.369 ( 3 8 . 2 8 )
WAK-27L E l len da le ( 2 ) ( 3 D *1.3 (3 .5 ) 17.508 (17.50) 15.796 38.572 (38.52)
GAUSSBERG
82-29 c r u s ta l  x e n o l l t h  - - - - 18.083 15.721 91.389
82-27 l e u o l t l t e - - - - 17.602 15.679 38.978
8 2-30  l e u c i t i t e - * - 17.588 15.699 38.902
1 U and Pb c o n c e n t r a t io n s  de te rm ined  by I s o to p e  d i l u t i o n  mass s p e c t r o m e t r y j  v a lues  i n  
b r a c k e ts  de te rm ined  by XRF a n a l y s i s ;  Tho rium  f o r  Span ish  l a v a s  f rom  V e n t u r e l l l  et^ a l  
0  981»).
1 E r r o r s  (based on two way a n a l y s i s  o f  v a r ia n c e  o f  d u p l i c a t e  a n a ly s e s )  a t  the  1o 
l e v e l ;  * * ‘ p b / * * ‘ pb ± 0 . 0 1 1 ,  * * , P b / ’ **Pb ± 0 .0 1 9 ,  ’ * * P b / * * 'P b  t  0 .0 3 3 .  The va lues
o b ta in e d  f o r  NBS-981 d u r i n g  t h i s  s tu d y  (average o f  7 a n a ly s e s )  a re ;
* * * P b / * * ‘ P b -16 .926±0 .009 ,  * * * P b / * * *P b -15 . 986±0.013 .  * * * P b / 1 * 'P b -3 6 .6 6 8 ± 0 .099.
’  C o r r e c te d  f o r  ** *U and * ' * T h  decay s in c e  emplacement, u s in g  ages f rom  r e fe re n c e s
c i t e d  I n  T ab le  1 and 20 myrs f o r  Wes tern A u s t r a l i a n  l a m p r o l t e s .  Where Th da ta  I s  
not  a v a i l a b l e ,  the  c o r r e c t i o n  has been made assuming Th/U-»l.  The age c o r r e c t i o n  
t o  , , T P b / * * 'P b  I s  I n s i g n i f i c a n t  compared t o  the  a n a l y t i c a l  e r r o r  f o r  a l l  samples
excep t  the  Harden A n a lc l m l t e .
Recent Newer alkali basalts (Cooper and Green, 1969; 
McDonough et al.. 1985).
Although the exact age o f emplacement o f the Inglewood 
analcimite is not known, an age o f 22 myrs has been assumed, 
based on K /A r studies o f nearby volcanism with which the 
Inglewood leuritite is associated (Wellman and M c D o u -  
GALL, 1974). Despite some uncertainty in the exact age of 
volcanism, the age corrections to the measured Nd, Sr and 
Pb isotopic ratios are within or close to the analytical error. 
Initial Sr and Nd isotope ratios overlap with those o f the New  
South Wales olivine leucitites, but the analcimite has slightly 
higher initial “ ’P b /^ P b  and substantially higher initial “ ‘ Pb/ 
2<v*Pb. The combined isotope data therefore indicate that the 
Inglewood analcimite and the New South Wales suite were 
derived from isotopically similar sources, but with the Ingle­
wood analcimite source having higher recent U /Pb.
After correction for age of emplacement (determined by 
Wellman et al., 1970, as 198 ±  3 myrs) Nd and Sr isotopic 
data indicate that the Harden analcimite was derived from a 
depleted source with eNd = +2.4 and ,7Sr/MSr{I) = 0.7042. 
Uranium and thorium abundances have not been determined
so it is not possible to correct precisely for their radioactive 
decay since emplacement. Assuming reasonable values for n 
(JJ,U /204Pb) of 20 and T h /U  of 4 results in age-corrected “ ‘ Pb/ 
**P b  of 18.45, “ 7Pb/“ "Pb of 15.55 and “ *Pb/“ "Pb o f 37.65. 
Although “ ‘ P b /^ P b  and “ ‘ P b /^ P b  estimated in this way is 
subject to considerable uncertainty, the correction to “ 7Pb/ 
“ “Pb is small (-0 .0 3 ) . The Pb isotopic data therefore indicate 
that the source o f the Harden analcimite had “ ’ P b /^ P b  lower 
than that of the New South Wales olivine leucitite suite but 
comparable to that of the Cosgrove olivine leucitite.
Spanish I  am  pro it  es
Whole-rock and mineral K /A r data on several of the Spanish 
ultrapotassic rocks indicates ages o f = 6 - 8  myrs (Bellon and 
Letousey, 1977; Nobel et al., 1981). The high Rb/Sr ratios 
require small but significant age corrections to be applied to 
the Sr isotopic data. Initial Sr isotopic compositions show a 
wide range and are highly radiogenic (0 .717-0.720), similar 
to the values reported by Powell and Bell (1970) for samples 
from Jumilla. Nd/Sm  varies from 4.8 to 5.2, suggesting mod-
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Fig. 3. Nd-Sr isotope in itia l ratio correlations o f southeast Australian leucitites and Spanish lamproites 
compared to ultrapotassic and selected kimberlite suites from other localities. Many localities display a 
negative correlation between Sr and Nd isotopes consistent w ith m ixing between two isotopically distinct 
components. Additional data sources: Hawkesworth and Vollmer (1979), Menzies and Murthy (1980), 
Collerson and McCulloch (1983), McCulloch et al. (1983), Smith (1983), Vollmer and Norry 
(1983), Vollmer et al. (1984).
erate LREE-enrichment. Nd isotopic compositions are un- 
radiogenic and fall within the narrow range o f <Nd o f from 
— 11.2 to —12.6, indicating that the sources o f these rocks 
have had long-term LREE-cnrichmcnt (>1 byrs). These iso­
topic features are like those o f the Western Australian lam­
proites (McCulloch el al., 1983) and the micaceous South 
African kimberlites (Smith, 1983; see Fig. 3). The measured 
Pb isotopic compositions are within the range 20<sPb/2C>4Pb o f 
18.66 to 18.81, W7Pb/J04Pb o f 15.67 to 15.74 and ^ 'P b /^ P b  
o f 39.0 to 39.2. O f present-day reservoirs, the Pb isotopic 
compositions o f the Spanish ultrapotassic rocks most closely 
resemble that o f pelagic oceanic sediments (e.g. Sun, 1980).
Ullung-do Island leucitite
The Ullung-do Island leucitite has ^ P b /^ P b  w ithin the 
range observed for MORB (Fig. 4), but has slightly higher 
207Pb/2O4Pb and significantly higher ^ 'P b /^ P b  than is found 
in MORB, plotting within the Kerguelen field. The high ^ P b /  
^ P b  suggests a mantle source resembling that o f ocean islands 
rather than that o f MORB. Several other Pb isotopic studies 
o f alkali basalts from the southwestern Japan region (K u- 
rasawa, 1968; Tatsumoto and Knight, 1969; All£gre 
et al., 1979) have found Pb isotopic compositions comparable 
to some ocean islands. The relatively unradiogenic 207Pb/2774Pb 
o f the leucitite implies that its source was not substantially 
contaminated by Pb derived from subducted sediments.
Western A ustration lamproites
The correction for radiogenic decay since emplacement o f 
the Fitzroy lamproites during the Early Miocene (Wellman, 
1973; JAQUESc/a/., 1984b) is small for ^ P b /^ P b  (=* -0 .04  
for the highest U/Pb sample analysed, W A K-6L) and insig­
nificant for the other Pb isotope ratios. The lamproites have
relatively low 206Pb/204Pb o f from 17.24 to 17.88, extremely 
high and variable 207Pb/204Pb values ranging from 15.69 to 
15.80 and 20*Pb/204Pb o f 37.80 to 38.59. Acid washed clino- 
pyroxene separated from the *P’ H ill lamproitic intrusion 
(W AK-13L) has Pb isotopic composition w ithin the range 
displayed by the Western Australian lamproitic suite. In ad­
dition, acid-washed phlogopite separated from the Mt. Percy 
lamproite (W A K -I0 L ) has Pb isotopic composition w ith in 
analytical error o f the host lava. These mineral isotope data 
indicate that the unusual Pb isotopic compositions o f the 
Western Australian lamproites represent magmatic compo­
sitions and are unlikely to have been significantly affected by 
post-emplacement alteration. A distinctive feature o f the Pb 
compositions is their unusual position to the left o f the zero 
age geochron (Fig. 4).
Gaussberg leucitites
Fission track data and geomorphological studies suggest 
that Gaussberg volcanism is o f Late Pleistocene-Recent age 
(Sheraton and Cundari, 1980) so corrections to the Pb 
isotopic data for age o f emplacement are unnecessary. Leu­
citites from Gaussberg have sim ilar Pb isotopic signatures to 
those displayed by the Western Australian lamproites, but 
with slightly lower 207Pb/2<MPb (Fig. 4). Nd and Sr isotopic 
characteristics (Collerson and McCulloch, 1985) o f 
Gaussberg leucitites are also sim ilar to those o f the Western 
Australian suite except for the slightly lower ,7Sr/*6Sr (0.7097, 
compared to 0.710-0.720; McCulloch et al.. 1983). A crustal 
xenolith (82-24) has Pb isotopic composition distinct from 
the host leucitite, with significantly higher ^ P b /^ P b .  The 
very high ^ P b /^ P b  o f the xenolith indicates that it is unlikely 
that the Pb isotopic compositions o f the leucitites have been 
substantially modified by assimilation o f crustal material like 
that o f the xenolith.
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Fig. 4. Pb-Pb isotope variation o f southeast Australian, Ullung-do Island and Gaussberg leucitites and 
Western Australian and Spanish lamproites compared to M O R B  (from Dupr£ and ALLfeGRE, 1980; Cohen 
and O’Nions, 1982a), Victorian Newer basalts (Cooper and Green, 1969; McDonough el al., 1985), 
Kerguelen (DOSSO el al., 1979) and some other ocean islands (Sun, 1980; Cohen and O’Nions, 1982b).
DISCUSSION 
S.E. Australian leucitites
Although the evolved isotopic characteristics o f the 
New South Wales leucitites may be attributed to con­
tamination by continental crust, there is no compelling 
evidence for the assimilation o f crustal material in the 
major and trace clement characteristics o f the lavas. 
The suite has high Ni (average «=;375 ppm), Cr («400  
ppm), MgO (12.4 wt%), Mg/(Mg -F Fe2+) (excluding 
some o f the fractionated Begargo H ill samples, aver­
aging «0 .7  1 recalculated assuming Fe3V(Fe2 + + Fe3t) 
= 0 .1 5), combined with low S i02 (44.3 wt%) and AI2Oj 
(8.7 W t % )  (Cu n d a r i, 1973), consistent with their der­
ivation from the mantle. In addition, while the El Cap- 
itan leucititc (GA-3479) has the most radiogenic Sr 
and least radiogenic Nd and is therefore the most likely 
candidate to have been contaminated by continental
crust, there is no evidence o f this in its major and trace 
element chemistry. T aylo r  et al. (1984) analysed the 
same samples used in this study for 180 / l60 , and found 
that the whole-rock and leucite phases are enriched in 
l80  but that the clinopyroxenes have 5I80  o f «  +6.5, 
considered to represent primary magmatic values. They 
attributed the high ,80  o f the leucites to interaction 
with late-stage K-rich magmatic fluid with high <5I80  
( «  +8), although they did not discount the possibility 
o f the involvement o f small amounts of meteoric water 
which had isotopically equilibrated with magmatic 
fluid. The primary <SI80  values estimated from the c li­
nopyroxenes are similar to the values o f alkali basalts 
and argue against the assimilation o f upper crustal ma­
terial. It is unlikely that the possible involvement o f 
small amounts o f meteoric water could have signifi­
cantly affected the Sr, Nd and Pb isotopic compositions.
The variation in isotopic characteristics o f the New
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South Wales leucitites may therefore be the result o f 
e ither a) contamination o f their Sources by a com­
ponent having radiogenic 87Sr/86Sr, unradiogenic €Nd 
and “ ’ P b /^P b  ^  15.6; or b) derivation from variably 
enriched mantle sources which have evolved the ob­
served isotopic compositions since the enrichment 
events. The latter alternative is considered less likely 
as a period o f at least «300 myrs is required to produce 
the observed range in Nd isotopic compositions o f 4 < 
units from closed system decay w ithin source regions 
which have undergone varying degrees o f incompatible 
element enrichment (i.e. increase in Nd/Sm and Rb/ 
Sr accompanied by a decrease in U/Pb), assuming a 
source Sm/Nd like that o f the leucitites themselves. As 
the source Sm/Nd is likely to be considerably higher 
than that o f the leucitite melt, this time estimate is 
probably greatly underestimated. The El Capitan leu­
citite has the highest measured Rb/Sr and Nd/Sm ratios 
and significantly more radiogenic Sr and less radiogenic
Nd compared to the other New South Wales leucitites, 
consistent with greater contribution o f an incompatible 
element enriched, high 87Sr/86Sr, low <Nd component 
to its source, but also has identical 207Pb/204Pb to the 
other New South Wales leucitite occurrences. This 
suggests that either the Pb isotopic compositions o f the 
leucitites are dominated by that o f the added compo­
nent, or that the added component and the invaded 
mantle had similar 207Pb/204Pb. The less radiogenic 
^ P b /^ P b  o f the El Capitan leucitite compared to the 
other New South Wales occurrences may be due to 
some variation in the tim ing or degree o f enrichment 
in the leucitite sources, or may indicate differences in 
the 206Pb/2<MPb o f the added components involved at 
El Capitan and the other occurrences.
The geochemical and isotopic data are therefore 
consistent w ith the derivation o f the New South Wales 
leucitites from mantle which has been contaminated 
by a component with 87Sr/86Sr ^  0.7057, tNd ^  - 4  and
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207Pb/204Pb «  15.6. Compared to the Tertiary-Recent 
Victorian Newer alkali basalts (MCDONOUGH el al.. 
1985), the Cosgrove lcucitite has similar Sr, Nd and 
Pb isotopic compositions whereas the New South Wales 
leucitites have higher 87Sr/8ASr and lower l43N d/l44Nd, 
forming an extension of the array displayed by the 
Newer basalts into the enriched quadrant on the 87Sr/ 
8ASr-l43N d/l44Nd diagram. The New South Wales leu­
citites have similar 207Pb/204Pb and ^ P b / ^ P b  but have 
lower 20APb/2l)4Pb than the Newer basalts (Cooper and 
G reen, 1969; Fig. 4). Although these features may 
simply reflect regional isotopic heterogeneity within 
the subcontinental lithosphere beneath southeastern 
Australia, they may also be interpreted as mixing 
trends, with the addition of a component having iso­
topic characteristics like those of the New South Wales 
leucitites to the sources of the Newer basalts responsible 
for their isotopic variation. Wellman and M cDou- 
GALL( 1974) and Suth erla n d (1983) showed that the 
locations and eruption ages of the southeast Australian 
leucitites and Newer basalts are consistent with the 
initiation of volcanism by the passage of the Australian 
continent over a hotspot. As the isotope variation found 
in the Newer basalts was attributed by Mc Donough  
el al. (1985) to mixing between a component derived 
from the hotspot plume component and the subcon­
tinental lithosphere, it is conceivable that the hotspot 
plume represents the enriched, low 20APb/204Pb end- 
member component. Further Pb isotope analyses of 
the Newer basalts are required in order to assess this 
possibility.
A number of studies of Cainozoic alkali basaltic vol­
canism and incorporated xenoliths from the eastern 
margin of New South Wales (e g. Kesson, 1973; WaSS 
and Rogers, 1980; O'Reilly and Griffin, 1984) have 
argued that the mantle from which the products of 
volcanism were derived was chemically and isotopically 
heterogeneous. The widespread occurrence of amphi- 
bole ± mica ±  apatite-bearing mantle xenoliths has 
been interpreted as evidence for the operation of meta- 
somatic processes in the source regions of the host lavas. 
O’Reilly and G riffin (1984) found a range ofSr iso­
tope compositions of from 0.7031 to 0.7054 for New 
South Wales alkali basalts, and attributed the isotope 
variation to the metasomatic addition of varying 
amounts of radiogenic Sr to their sources. Much of the 
New South Wales alkali basaltic volcanism considered 
by O’Reilly and G riffin (1984) and others to be de­
rived from metasomatised subcontinental lithosphere 
predates, and is therefore unrelated to, the passage of 
the hotspot responsible for the leucitite volcanism. Al­
though lcucitite volcanism was probably activated by 
the hotspot, metasomatism of the leucitite sources may 
have been related to that of the sources of the New 
South Wales alkali basalts and may have occurred prior 
to the passage of the hotspot.
Spanish lamproites
The large range in 207Pb/204Pb displayed by the 
Spanish lamproites is notable, especially as it is ac­
companied by a relatively limited range in ^ P b / ^ P b  
(Fig. 4). Such a correlation is unlikely to have resulted 
directly from closed system decay of uranium, as the 
range in “ ’P b /^ P b  requires the existence of long term 
variation in U/Pb, which would result in large variation 
in ^ P b /^ P b .  The correlation is most readily explained 
by the mixing of highly radiogenic Pb with that of a 
source with low 207Pb/204Pb, such as the depleted m an­
tle source of MORB. An origin of the Spanish suite 
involving mixing is consistent with trace element re­
lations (Venfurelli el al.. 1984).
Comparison between Pb and Sr isotopes of ultra­
potassic rocks from this and other studies are displayed 
in Fig. 6. Lavas from Spain and Western Australia re­
semble those from the Virungan volcanic field de­
scribed by Vollmer and Norry ( 1983) in possessing 
large ranges in Sr isotopic compositions but limited 
variation in Pb compositions, particularly 206P b/204Pb, 
and very high 207Pb/204Pb. An interesting aspect of the 
Spanish lamproitc isotopic data is that it lies on an 
extension of the Sr-Pb isotopic correlations displayed 
by ultrapotassic rocks from Italy (Fig. 6). The Pb iso­
topic compositions of the Spanish lavas are identical 
to those of the Vico-Vulsini-Sabatini region, which has 
among the most radiogenic Sr and unradiogenic Nd 
of the Italian lavas (i.e. most like the Spanish lam­
proites). This may indicate that the metasomatic com­
ponent invoked to explain the isotopic correlations of 
lavas from the southern region of Italy (Hawkes- 
worfh and Vollmer, 1979) is similar to that iden­
tified in the Spanish lamproites. This com ponent has 
the Sr, Nd and Pb isotopic characteristics o f continental 
crust or sediments derived from continental crust.
Ullung-do Island leucitite
Nakamura el al. (1985) found that the island arc 
character, indicated by enrichment in K, Ba, Sr and 
Rb and depletion of Ta and Ti, of alkali basalts across 
the Japanese island arc to Korea and Eastern China 
becomes progressively weaker, and that the trace ele­
ment patterns of islands from the Sea of Japan show 
no evidence of the influence of subduction processes. 
The relatively unradiogenic Pb isotopic composition 
of the Ullung-do Island leucitite limits the possible in­
volvement of subducted oceanic crust and sediments 
as a source of their high potassium, as has been pro­
posed to explain the well-documented relationship be­
tween potassium and depth to Benioff zone evident in 
some island arcs (cf. D ickinson and Hafherfon ,
1967). Geochemical and isotopic studies of lavas from 
the west Sunda arc, Indonesia, (Whifford , 1975; 
W iin FORD el al.. 1981) demonstrated that although 
tholciitic and calc-alkaline lavas display evidence of 
contamination by a component derived from sub­
ducted lithosphere, the leucite-bearing lavas of Mt. 
Muriah, situated « 3 0 0  km above the BeniofT zone, 
manifest least evidence of such contamination. How­
ever. Jcucite-normative lavas from the east Sunda arc 
region have radiogenic Sr compared to calc-alkaline 
lavas from the same region (Whifford el al., 1978),
210
240 D. R. Nelson, M . T. McCulloch and S.-S. Sun
Pletre Nere
^ u?ur# Bufumblra Sablnyo
Campania Roccamonflna S. Vincenzo I
Vulalnl-VIco-Sabaltnl 1
Somma-Vesuvlua /
Sierra Nevadan K-baaalta Amla,a Rad'cofanl-Clmlno 
•non-mlcaceoua S African kimberlites 
micaceous
S African^kimberlites WA ,amprolte8
Spanish lamproltes
Roccastrada
S. Vincenzo
NSW Ieucltlte8
Qaussberg
Sierra Nevadan 
leucltttes
0 .7 0 4  0 .7 0 6  0 .7 0 8  0 .7 1 0  0 .7 1 2  0 .7 1 4  0 .7 1 6  0 .7 1 8  0 .7 2 0
F ig . 6. Fields o f initial isotopic compositions o f ^ P b /^ P b  against ,7Sr/86Sr for ultrapotassic suites and 
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that one component has dominated the Pb isotope character. As the field for the Italian lavas extends towards 
that of the Spanish lamproites (also the case for M7Pb/2WPb and ^ P b /^ P b  vs. “’Sr/^Sr), the metasomatic 
components in both cases may be the same. Additional data sources as in Figs. 3 and 5.
suggesting that they m ay have been m ore strongly con­
tam inated by a com ponent derived from  the subducted 
slab. I t  is therefore ev iden t that the d irec t chem ical 
in fluence o f  the subducted lithosphere on  leucite-bear- 
ing lavas located in or near subduction zones, such as 
those o f  U llu n g -d o  Island and the west and east Sunda  
arcs, varies considerably.
In  contrast w ith  most co n tin en ta l potassic vo lcan- 
ism, leucitites from  island arcs freq uen tly  have low  
T i 0 2, N b  and Z r , characteristics in c o m m o n  w ith  arc 
volcan ism . A lth ou gh  the source o f  the potassium  in  
high-K  island arc volcanism  is controversial, a nu m b er  
o f  studies (e g . N icholls  and W h it f o r d , 1978; 
Fo d e n  and V a r n e , 1980) favou r the de riv a tio n  o f  
high-K  arc lavas from  m antle  w hich has been m odified  
by the addition o f  a L IL -r ic h  co m ponent to their source 
regions. It  seems likely that m elts or fluids derived from  
the subducted slab are in vo lved , but th at in  some cases 
these m ay not be isotopically d istinguishable from  the 
invaded m antle . L l o y d  and Ba il e y  (1 9 7 5 ) a ttribu ted  
the scarcity o f  highly potassic vo lcan ism  in oceanic  
settings to the effects o f  generally steeper geotherm s in  
ocean basins com pared to the co n tin en ta l geotherm , 
reducing the depths to w hich ph logopite  persists w ith ­
ou t am p h ib o le  also being stable.
Western Australian lamproites and 
Gaussberg leucitites
T h e  d istinctive Pb isotopic signature o f  the W estern  
A ustra lian  lam pro ites  and Gaussberg leucitites is in ­
dicative o f  an extrem ely ancient co m ponent w hich had 
high U /P b  early in  its history, fo llow ed by a low ering
o f  U /P b  m ore recently , re lative to the observed array  
displayed by oceanic islands and M O R B . T h is  is in  
contrast to the sources o f  m ost M O R B  and m any ocean 
islands, w h ich  have undergone (e ith er progressively or  
episodica lly) an increase in  th e ir U /P b  ratios. As w ith  
the Spanish suite, the W estern  A us tra lian  lam pro ites  
display little  va ria tio n  in 206P b /204Pb fo r the corre­
spondingly large varia tion  in “ ’ P b /^ P b .  M cCu llo c h  
el al. (1 9 8 3 ) m odelled  the co rre la tion  betw een N d  and  
Sr isotopes displayed by the W estern A u s tra lian  la m ­
proites by m ix in g  o f  enriched and deple ted  co m p o ­
nents. T h is  is consistent w ith  the Pb isotope va ria tio n , 
w h ich  is m ost read ily  exp la ined  by m ix in g . H o w e ver, 
ra th er th an  tren d in g  tow ards the p resent-day M O R B  
fie ld on  the 206P b /2<MP b:207P b /204Pb d iag ram  (F ig . 4 ) as 
in  the case o f  the Spanish lam pro ites , the W estern  
A u s tra lian  lam p ro ite  a rray  (exclu d in g  W A K - 1 6 L )  ap­
pears to  extend to m ore p r im itiv e  206P b /204Pb values. 
T h e  array  m ay  result fro m  the m ix in g , at som e tim e  
in  the past, o f  a high 207P b /2O4Pb co m p o n e n t w ith  a 
M O R B  co m p o n en t (i.e., w hen the M O R B  reservoir 
had “ ’ P b /^ P b  «  15.5 like  the present-day value but 
^ P b / ^ P b  less than « 1 7 .0 0 ) .  A  p r im itiv e  or (m o re  
pro b ab ly ) depleted m an tle  co m p o n en t w h ich  d o m i­
nates the m a jo r  e lem ents can account fo r the high  
M g O , N i,  C r  and low  A l, C a  and N a  contents, w h ile  
a “ m etasom atic” co m p on ent enriched in incom patib le  
elem ents and w h ich  do m inates  the isotopic character­
istics can account fo r the trace e le m e n t contents  
(Jaques  et al., 1984a). I f  produced at dep th , the m eta ­
som atic  co m p o n en t m ay pass through iso top ica lly  d if ­
ferent regions o f  the m an tle  and subco ntinen ta l lith o ­
sphere, resulting in the observed isotopic correlations.
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Origins o f  the high 207Pb/204Pb, low 
^ P b / ^ P b  component
That ultrapotassic rocks from Gaussberg and West­
ern Australia possess similar unusual isotopic com­
positions is strong evidence for their generation by a 
common process. Although their Sr, Nd and 207 Pb/ 
204Pb isotopic characteristics are more like those of the 
upper continental crust, many aspects of their major 
and trace element characteristics, such as their high 
Mg/(Mg + Fe) and Ni and Cr contents, and in the case 
of the Western Australian lamproites, the presence of 
mantle xenocrysts and diamonds, are more consistent 
with a mantle origin. In the following modelling of the 
isotope data, some general inferences about the long 
term histories of the sources of the Western Australian 
lavas are made.
The unusual Pb isotopic compositions of the West­
ern Australian and Gaussberg leucitites require an 
evolution involving at least two stages. A general model 
of the evolution of their Pb is shown in Fig. 7. Mod­
elling of the high 207Pb/2<MPb, low 206Pb/204Pb com­
ponent recognised in the Western Australian 1am-
_ f( * 4 .5 byrs 
4.0 jr;
4 .0  3 .0  2.0 1.0 0
t2 byrs
Fig. 7. Three stage evolution of the sources of Pb in the 
Western Australian lamproites. At time tt , the components 
differentiate from the mantle reservoir with higher 23,U /204Pb 
(px) and at time t2 an event lowers the U/Pb {p2) o f the com­
ponents. The initial Pb compositions at ^ are those of Canyon 
Diablo troilite (Tatsumoto, 1973). A mantle reservoir po of 
8.0 and the end Pb isotopic composition of WAK-27L have 
been used. Solutions are given for pt (upper curves) and p2 
(lower curves) for selected values of l, (in byrs), plotted against 
l2 on the lower axis, for two and three stage models. The /, 
= 4.5 byr curves give the range of possible values of px and 
p2 for a model involving only two stages. For a three stage 
model, younger values of f, require higher values of px and 
lower values of n2 until at f, «  2 .1 byrs, values of p2 become 
negative.
proites allows the ranges of possible values of p x and 
Pi and minimum age for / , ,  the time of differentiation 
of the component from the mantle, to be determined. 
Figure 7 shows, for selected values of / t , the range of 
possible values for p, and p2 plotted against t2, the 
time at which the U /Pb ratio was lowered. The m od­
elling uses the Pb composition of the Western Austra­
lian lamproite having the highest 207Pb/2O4Pb and rel­
atively low 206Pb/204Pb (WAK-27L), regarded as the 
least contaminated by Pb from other sources. In the 
case of an evolution involving two stages (where lx 
= l0), the range of possible values for p x and p 2 is given 
by the t, = 4.5 byr curves. For decreasing values of t2, 
p t approaches 8.6 while p2 approaches zero, until at t2 
« 0 .5  byrs, p2 becomes negative and it is not possible 
to generate the measured Pb composition of WAK- 
27 L. Because a two stage model requires the existence 
of an extremely ancient, moderately high U /Pb res­
ervoir, perhaps the only instance where a two stage 
model could be applied is when the first stage reservoir 
is known to be very ancient sialic crust.
A more general and geologically plausible three stage 
model differs from the two stage case in having an 
earlier period prior to the high U/Pb stage during which 
the Pb evolves in the “ normal” mantle reservoir with 
Po «  8.0. It can be seen from Fig. 7 that younger values 
of l\ require higher p x and lower p 2, until at t, «  2 .1 
byrs p2 < 0 and it becomes impossible to produce the 
Pb isotopic composition of WAK-27L. A first stage po 
= 8.0 has been used, based on ore Pb isotope data 
from Archaean greenstone belts (T il t o n , 1983; R o d ­
d ic k , 1984; DuPRfec/ al., 1984; B r e v a r t c / a l, 1986) 
although the three stage modelling is not particularly 
sensitive to the value of po. For example, no solutions 
are possible for t x < 2.1  byrs using the C u m m in g  and 
R ic h a r d s  (1975) Model 3 growth curve based on 
conformable ores, which is considered to provide a 
reasonable upper limit of the value of time integrated 
Pa evolution for the mantle (as ores are likely to contain 
some Pb derived from the crust), while using values of 
Pa < 8.0 will tend to increase the minimum allowable 
values of t \ .
The three stage modelling establishes that the Pb 
component identified in the Western Australian lam­
proites cannot have differentiated from primitive 
mantle at times less than 2.1 byrs ago. From Fig. 7 it 
is apparent that for older values of t \ , lower and more 
geologically reasonable values of p\ are possible. 
Younger values of tx require higher values for p t or 
longer periods between the events t t and t2.
Additional information about the source history of 
the Western Australian lamproites is provided by their 
Nd isotopic systematics. For example, Z in d l e r  et al. 
(1984) estimated that during low degrees of modal 
melting ( «  < 1 %) of a garnet lherzolite source, the Sm/ 
Nd ratio of the melt will be at least one half that o f the 
source. The measured Sm /Nd values of the Western 
Australian lamproites are relatively constant at « 0 . 11 
(M cC u llo c h  et al., 1983), implying a source Sm/Nd 
of at least 0.22. A minimum period of 2.1 byrs is re-
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quired for a source with Sm/Nd ratio equal to or greater 
than this value to evolve the Nd isotopic compositions 
observed in the Western Australian lamproites from 
an initially depleted mantle source. As the Pb isotope 
data indicates a more complex history, probably in­
volving at least two stages, the calculated Nd depleted 
mantle model source ages should be regarded as an 
estimate of the minimum age of first differentiation of 
the lamproitc sources from primitive mantle (cf 
McCulloch et al., 1983). The minimum estimate of 
«2.1 byrs for the differentiation event is in accord 
with the value determined from the Pb systcmatics.
Implications for the origins o f the ullrapotassic suite
The remarkable diversity of isotopic characteristics 
displayed by representatives of the ultrapotassic suite 
is apparent from Figs. 3 and 5. However, the available 
geochemical and isotopic data taken from this and 
other earlier studies favour the generation of many ex­
amples of continental potassic volcanism by the in­
vasion of regions of the subcontinental mantle by an 
isotopically foreign incompatible clement enriched 
“metasomatic” component. In many cases these com­
ponents possess high 207Pb/204Pb, radiogenic Sr and 
unradiogenic Nd relative to MORB, indicating that 
the sources of these components have had long and 
complex histories. The trace element and isotopic 
identity of the resulting melts is strongly influenced by 
that of the added component, resulting in isotope/iso­
tope and isotope/abundance relations indicative of 
mixing. Examples include the Spanish and Western 
Australian lamproites and probably the New South 
Wales leucitites. In view of their remarkable geochem­
ical and isotopic similarity with Western Australian 
lamproites, leucitites from Gaussberg may also have 
been generated by a similar process. The isotopic char­
acteristics of the Virungan lavas (VOLLMER and 
Norry, 1983) are also consistent with the addition to 
their sources of a similar radiogenic 207Pb/204Pb and 
87Sr/86Sr, unradiogenic M3N d/l44Nd component, but 
the sources of the Virungan lavas may have evolved 
variable 87Sr/86Sr since the mixing event. There is no 
consensus about the origins of the Italian potassic lavas, 
although l80 / lfiO, Nd, Sr and Pb isotopic studies (e.g. 
Taylor and Turi, 1976; Hawkesworth and Voll­
mer, 1979; Vollmer and Hawkesworth, 1980; 
Holm and Munksgaard, 1982 and others) favour 
the involvement of crustal material, either by assimi­
lation within high level magma chambers or by meta­
somatism of the sources of the magmas by subducted 
sediments.
The metasomatic components of many potassic oc­
currences possess high 207Pb/204Pb, radiogenic Sr and 
unradiogenic Nd, limiting the sources of these com­
ponents to only a few geological reservoirs;
1. Old subcontinental lithosphere—the Western 
Australian, Gaussberg, Lcucite Hills and Virungan 
suites are situated on stable, thick Precambrian base­
ment which may have had the specific long-term his­
tory required. A major difficulty is that many ullra­
potassic suites are generated at great depths; within the 
diamond stability field in the case of the Western Aus­
tralian lamproites. The depths to which the continental 
lithosphere extends beneath old continents is unknown 
but if, as speculated by Richardson et al. (1984), it 
is in some circumstances stable to depths within the 
diamond stability field, then the subcontinental litho­
sphere could be an important reservoir for the storage 
of ancient, isotopically evolved components. Spanish 
lamproites have geochemical features which suggest 
that they were generated at shallower depths than the 
Western Australian lamproites (N ixon el al., 1984) 
but are located on relatively young Proterozoic base­
ment which may not have had sufficient prior history 
to have evolved the isotopic characteristics required.
2. Subducted sediments: The findings of this study 
are consistent with the recent proposal of Thompson 
et al. (1984) that some potassic volcanism is derived 
from subducted sediments. In particular, the trace ele­
ment characteristics of the Spanish lavas resemble those 
of arc lavas and isotopic compositions overlap with 
those of modern sediments. Although Western Aus­
tralian, Gaussberg and Virungan ultrapotassic volcan­
ism cannot be obviously related to any modern sub- 
duction zone, the antiquity of the source enrichments 
indicated by the isotopic data suggest that subduction 
processes cannot be discounted. Isotopic modelling and 
further discussion of the possible involvement of sub­
ducted sediments in the genesis of ultrapotassic mag- 
matism will be published at a later date.
3. Subducted "m e g a li th s Oceanic crust and sed­
iments subducted into the mantle and having residence 
times of =  1 byrs (Hofmann and White, 1982; Ring- 
wood, 1982). Partial melting of the megalith may cause 
incompatible element enriched diapirs to rise upward, 
contaminating the overlying regions of the mantle and 
eventually manifesting as hotspots in oceanic regions 
or, in the continental environment, as alkaline vol­
canism. The involvement of sedimentary material or 
the long timescales involved during storage of the 
megalith in the mantle could result in isotopic char­
acteristics indicative of long term incompatible element 
enrichment. While many ocean islands bear little iso­
topic resemblance to continental potassic volcanism, 
lavas from Kerguelen and Society islands have Sr and 
Nd isotopic compositions extending into the “en­
riched” quadrant on the Sr-Nd isotope diagram and 
have generally higher ^ P b /^ P b  than MORB (WHITE, 
1985). These isotope characteristics are similar to those 
of the New South Wales leucitites, which may also be 
products of hotspot volcanism.
It is probable that no single origin is responsible for 
all of the various ancient components identified in 
representatives of the ultrapotassic suite. That most 
isotopically evolved potassic volcanism (e.g. Western 
Australian, Gaussberg, Virungan, Leucite Hills, mi-
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caceous South African) is confined to old cratons is 
strong indirect evidence that the continental lithosphere 
acts as a site o f long term storage o f enriched m antle 
com ponents. In a discussion o f models o f subconti­
nental lithospheric growth, Brooks et al. (1976) sug­
gested that m antle plumes rising beneath continents 
may undcrplatc the subcontinental lithosphere and are 
later reactivated, appearing as isotopically evolved 
continental alkaline magm atism . Differences in the 
tim e elapsed between underplating and reactivation 
events might then explain the range in isotopic char­
acteristics observed in continental alkaline lavas. Al­
ternatively, m antle plumes may be responsible for the 
reactivation o f pre-existing enriched subcontinental 
lithosphere. In this case, the age of the subcontinental 
lithosphere will determ ine the isotopic character o f 
subsequent volcanism.
The Sr, Nd and Pb isotopic characteristics o f Gauss- 
berg leucitites and Western A ustralian lam proites are 
unlike any previously identified, lying off the m antle 
plane of Zindler et al. (1982). T heir high “ ’P b /^ P b  
and low 206P b /204Pb contrasts with the Pb isotopic 
com positions found in ocean islands, which define a 
linear array o f positive slope extending from the un- 
radiogenic Pb field o f MORB to the high 207P b /204Pb 
and 206P b /204Pb o f St. Helena and T ubuai. The ocean 
island array lies to the right o f the geochron (on which 
all present-day single stage Pb should lie, assum ing an 
initial Pb isotopic com position like that o f C anyon 
Diablo troilite lead), indicating that the sources o f ocean 
islands have undergone an increase in U /P b  within the 
last « 2 .5  byrs or less. The geochemical history o f the 
metasom atic com ponents o f Gaussberg leucitites and 
Western A ustralian lam proites inferred from their Pb 
isotopic characteristics differs from that inferred for 
ocean islands because of the ancient fractionation 
events which lowered U/Pb. Although the position o f 
MORB and ocean island Pb to the right o f the geochron 
has been attributed to the progressive loss o f Pb from 
the m antle to the E arth’s core, the existence w ithin the 
subcontinental lithosphere o f substantial reservoirs o f 
low 206P b /204Pb com ponents with m oderate to high 
207P b /204Pb like those identified in this study m ay also 
explain the position o f the ocean island array relative 
to the geochron, as such low U /Pb  reservoirs can also 
com pensate for the general increase o f U /P b  in the 
sources o f ocean islands.
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The remarkable distinction between the compositions of ocean 
island basalts (OIBs) and mid-ocean ridge basalts (M ORBs) 
provides an important constraint on models of mantle composition 
and structure1-3. Previous studies of OIBs4-*, however, have 
emphasized regional isotopic variations, often relying on a small 
number of samples from many separate volcanoes. Although this 
type of sampling has now established the basic range of isotopic 
variations, with the notable exception of the Hawaiian Islands*-9-10, 
there is little information on either spatial or temporal variations 
within a single volcano. Here we report isotopic (Sr, Nd and Pb) 
and K-Ar age measurements for tholeiites, alkali basalts and 
differentiated rocks from the island of Ua Pou. In this island 
volcanism spanned the interval from 5.6 to 1.8 Myr, with the ratio 
of highly to moderately incompatible trace elements increasing 
with time; however, in contrast to Hawaii, ^ S r /^ S r  and 
2<>7pb/204pb increased whi|e l4iN d /144Nd decreased from the 
tholeiitic to alkalic magmas. The total variation in Isotopic compo­
sition within this single island is nearly as great as within the 
entire French Polynesian region*-11-11, and argues against system­
atic geographical correlations13.
The island of Ua Pou, at 9°24' S, 140°04' W, is one of a chain 
of more than 20 volcanic islands and seamounts which constitute 
the Marquesas archipelago in the south-central Pacific Basin 
(Fig. 1). These volcanoes are linearly arrayed in a WNW-ESE 
direction, sub-parallel with other young intra-plate Pacific island 
chains. This characteristic geometry and the reported 
southeasterly progression in volcano ages14-15, from 6.3 to 
1.4 Myr, has linked Marquesan volcanism to a hotspot origin.
Fig. I Map of the Marquesas Islands, an age-progressive volcanic 
lineament in the south-central Pacific basin, showing the island of 
Ua Pou. Solid circles (on the enlarged map of the island) mark 
the location of samples (tholeiites, alkali basalts and differentiates) 
analysed in the present study.
The abyssal (>4,000 m) ocean floor on which these islands were 
constructed formed at the Galapagos Rise (ancestral East Pacific 
Rise) between 50 and 60 Myr (ref. 16).
Ua Pou hosts a particularly wide range of rock compositions, 
from tholeiitic to alkalic basalts; the latter have undergone 
low-pressure fractionation towards trachytic and phonolitic 
rocks17-1*. Although tholeiites are the main rock type in the 
Hawaiian islands19, they have not been reported elsewhere in 
the French Polynesian region; their occurrence in the initial 
stage of volcanism at Ua Pou suggests that tholeiitic eruptions 
may occur throughout this region, but may be almost totally 
confined to submarine portions of the volcanoes.
We report here age determinations for rocks from Ua Pou. 
Previous age studies14 on other islands from the Marquesas 
chain have documented an age progression in volcanism from 
north-west to south-east at a rate of — 10.4 cm yr-1 (ref. 9). From 
this regular age distribution along the lineament, the expected 
age range at Ua Pou is 4.0-2.7 Myr. Re-examination20 of the 
published age data showed that at the islands of Nuku Hiva 
and Hiva Oa dated rocks defined two age groups separated by 
about the same timespan, 0.6 Myr. Furthermore, at each island 
the older group was predominantly olivine tholeiite while the 
younger group was alkali basalt. To investigate this apparent 
petrogenetic evolution at individual Marquesan volcanoes, addi­
tional sampling was undertaken by one of us (H.G.B.).
Ua Pou does not exhibit the central collapsed caldera com­
monly seen at other Marquesas Islands; instead, the island's 
centre is a complex zone of high-level intrusions of trachytic 
and phonolitic rocks which have obscured the early shield 
structure of the volcano. Shield lavas outcrop around the per­
imeter of the island, in stream valleys, in road cuts and along 
wave-cut cliffs. The samples analysed in this study are well 
distributed, coming from the northwestern, northern and eastern 
sides of the island (Fig. 1).
Initial studies1* of trace element compositions of tholeiites 
and alkali basalts collected from Ua Pou revealed striking 
differences in the inferred source compositions for the two 
groups. Rocks which plot as tholeiites in a standard alkalis 
versus silica diagram predate the alkali basalt assemblage. The 
tholeiitic phase of volcanism (5.6-4.5 Myr) is separated from 
the alkali basalt eruptions (2.9-2.7 Myr) and subsequent flows 
and intrusions of liquids evolved by high-level fractional crystal­
lization (2.5-1.8 Myr). The entire age range of subaerial volcan­
ism at Ua Pou is —3.8 Myr (Table 1). The apparent 1.6-Myr 
hiatus between the tholeiitic and alkalic stages of volcanism 
could be the result of incomplete sampling and may be reduced 
by future geochronological studies on well-mapped sections. 
The progression from tholeiitic to alkalic volcanism at Ua Pou 
and its likelihood at the neighbouring islands of Nuku Hiva 
and Hiva Oa20 is reminiscent of the volcanic evolution of the 
Hawaiian Islands19. In the Marquesas Islands, however, no very 
undersaturated, post-erosional eruptions have followed the 
alkali basalt stage. It is probable, therefore, that each of the 
Marquesas islands evolved through a common sequence. 
Initially, eruptions may have been a mixture of tholeiitic and 
alkalic compositions, as seen at Macdonald21 seamount at the 
southeastern end of the Austral Islands, and Loihi seamount22 
in the Hawaiian Islands. Tholeiitic compositions dominated the 
early shield-building phase, which at Ua Pou barely reached sea 
level. This was followed by eruptions of alkali basalt and, later, 
highly evolved rocks. It is not yet known whether the change 
from tholeiites to alkali basalts occurred as a gradual transition 
or as a sharp compositional break after a significant hiatus in 
volcanic activity.
Major and trace element concentrations for Ua Pou rocks 
have been reported elsewhere17-1*. Liotard el a l identified 
tholeiitic rocks at many of the Marquesas Islands and, in par­
ticular, quartz-normative tholeiites at Ua Pou, in addition to the 
earlier described alkali basalts. The tholeiites and alkali basalts 
cannot be related to one another by either variable partial 
melting from a common source or fractional crystallization from 
a parental melt, because of many clear differences in their trace
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Table 1 Sr, Nd and Pb isotopic compositions and K-Ar ages for volcanic rocks from Ua Pou, Marquesas Islands
.. * K-Ar age
K Rb Sr Sm Nd (Myr)
Samples Rock type (%> (p p m .) (p.p.m.) (p.p.m.) (p.p.m.) ,7Sr/**Sr 14,N d /l44Nd «Nd « • p b /^ P b « "P b /204!* 2n,P b /204Pb * 1 <j
UAP-011 Tholeiite 0.554 15 548 10.3 43.3 0.70289 * 2 0.512070*12 +4.6 19.50 15.54 39.15 4 46*0.07
UAP-017 Tholeiite 0.204 3 434 10.0 40.3 0.70294 ±4 0.512118 * 16 +5.5 19.39 15.54 38.99 4,51 *0.14
UAP-024 Tholeiite 0651 11 610 13.0 57.6 0.70318 ±5 0.512084*24 +4.8 19.45 15.55 39.01 5.61 *0.06
UAP-001 Alkali basalt 0.871 41 985 11.4 71.4 0.70500 * 5 0.511944*27 +2.1 2.75*0.03
UAP 002 Alkali basalt 0.554 76 904 11.8 62.4 0.70497 ±5 2.78*0.03
U A P-003 Alkali basalt 0 855 40 972 11.3 61.5 0.70482 * 5 2.70*0.06
UAP-010 Alkali basalt 1.039 145 1,235 13.3 76.0 0.70509 ±5 0.511867* 14 +0.6 19.18 15.65 39 31 2.70*0.04
UAP 026 Alkali basalt 0.524 84 910 11.5 60.7 0.70497 * 5 0.511876 * 20 +0.8 19.14 15 64 39.20 2.88*0.08
UAP-012 Tephrite 2.640 116 1,373 15.3 84.6 0.70515*5 0.511918*10 + 1.6 2.24*0.05
UAP-015 Hawaiite 2.643 241 1,358 7.9 48.6 0.70481 ±5 0.511907* 12 + 1.4 19.36 15.65 39.35 1.78*0.03
U A P-025 Mugearite 4.276 72 1,282 13.0 52.2 0.70531 ±6 0.511891 * 25 + 1.1 2.49*0.03
UAP 004 Trachyte 0.70508 * 5
UAP-019 Phonolite 5.693 240 146 15.3 108.0 0.70497 * 4 0.511917*22 + 1.6 2.42*0.04
U A P-03 7 Phonolite 5.887 235 136 6.9 52.8 0.70474*5 2.42*0.03
' ’S r/,6Sr and l43N d /,44Nd ratios are normalized to **Sr/*'Sr — 0.1194 and ,4SN d /l4JNd -  0.636151, K-Ar ages were calculated using the following decay and abundance 
constants: A, = 0.581 x 1 0 '10 yr~'; A0 -  4.963 x 10“10 yr_ l; “ K/IC -  1.167 x 10~* mol mol-1 respectively. For the standard NBS 987, ,7S r/MSr * 0.71023 and for BCR-1 
l43N d /l44Nd = 0.51 1833. Rb, Sr, Sm and Nd concentrations are from ref. 18.
0 S1I6L
o.roe0 702
R arotonga
"  0  7 0 4
0  7 0 2
70«pb/»°«Pb
SocietiesMarquesas
SA AND SF- Easter
Rarotoi
MORB-EPR
clement patterns. Both groups are enriched in light rare earth 
elements, relative to MORBs, but whereas the alkali basalts 
exhibit uniformly steep patterns, the tholeiitic samples show 
much flatter profiles between La and Sm. The tholeiite trace 
element patterns are similar in shape to those for Hawaiian 
tholeiites25-24, with normalized La =* normalized Ce, but abund­
ances are higher in Ua Pou tholeiites. Tholeiites and alkali 
basalts at Ua Pou can also be distinguished by Zr/Nb (11.3 
versus 4.8, average values, respectively), La/Nb (0.85 versus 
0.98) and La/Ce (0.37 versus 0.51). In addition, on a spidergram 
diagram the tholeiites show significant depletions of Ba, Rb, 
Th, K. and Sr relative to La.
To characterize further the two magma types present at 
Ua Pou, we have measured Sr, Nd and Pb isotopic compositions 
(Table 1). Previous isotopic studies of Marquesas Islands 
rocks"-12'25 have not recognized the importance of the tholeiites, 
nor have they examined the compositional variation with age 
at a single island. Our results are in excellent agreement with 
the isotopic analyses of alkali basalts from Ua Pou reported by 
Vidal ef al.'1. The data were obtained using separation tech­
niques and mass spectrometric analysis, as described in refs 26 
(Sr and Nd) and 27 (Pb). Measured Sr, Nd and Pb isotopic 
ratios are generally within the analytical uncertainty of initial 
ratios because of the young age of the samples. Corrections to 
87Sr/86Sr were applied only to the high Rb/Sr phonolite samp­
les. Our results are plotted on three diagrams: l4,N d /l44Nd 
against 87Sr/86Sr (Fig. 2a), 87Sr/8,sSr against ^ P b /^ P b  
(Fig. 2b), and 207Pb/2O4Pb against 206Pb/2(MPb (Fig. 2c).
Tholeiites are distinguishable from alkali basalts and 
differentiated rocks using each of the three isotopic systems. 
The strontium composition of the tholeiites is among the least 
radiogenic reported from oceanic islands, while the alkali basalt 
87Sr/MSr values fall in the middle of the range for other Mar­
quesas and Society Islands8-" -12. The corresponding 
l45N d/144Nd values are also distinctive (eNd = 4.6-5.5 for 
tholeiites verus 0.6-2.1 for alkali basalts) and, together with the 
Sr data, form an array parallel to the Society Islands composi­
tions but oblique to the mantle array5' 8. The extreme isotopic 
heterogeneity of the French Polynesian region has been noted, 
but at Ua Pou, as recognized for Nuku Hiva by Vidal et al.'1.
Fig. 2 Isotopic compositions of lavas from Ua Pou compared 
with those for other basaltic rocks from the south-central Pacific 
basin, a, l43N d /,44Nd versus “’Sr/^Sr; b, ‘’S r/^S r verus 
206Pb/J04Pb; c, 20,Pb/2O4Pb versus 20,lPb/2O4Pb. Fields of data are 
from ref. 25 for islands and East Pacific Rise, except Rurutu and 
Pitcairn Islands’0. Solid circles and squares are tholeiites and alkali 
basalts, respectively, from Ua Pou. Open circles are other analysed 
samples from the Marquesas Islands". SA, San Ambrosio; SF, 
San Felix; EPR, East Pacific Rise.
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nearly the entire range of variability exists on the scale of a 
single island. At Ua Pou the tholeiitic magmas have low 87Sr/86Sr 
ratios and moderate l43N d / l44Nd ratios, indicative of a mantle 
source with low time-integrated Rb/Sr and a (chondrite-normal- 
ized) N d /S m < l .  The later alkali basalt magmas have high 
87Sr/86Sr and low 143N d / 144Nd, which would derive from a less 
depleted mantle source. This contrasts with the Hawaiian Islands 
volcanism, where the tholeiites have higher 87S r /86Sr and lower 
eNd values than the alkali basalts and post-erosional lavas910.
The Pb compositions of the two magma types are equally 
distinct, as seen in the 207Pb/204Pb versus 206P b /204Pb diagram 
(Fig. 2c). The tholeiites are most similar to rocks from Easter 
and Salay Gomez Islands near the East Pacific Rise25, whereas 
the alkali basalts lie in the field of other reported Pb isotopic 
analyses from the Society and Marquesas Islands12,25. The Pb 
isotopic compositions of the Ua Pou tholeiites are not as extreme 
as those of rocks from Tubuai12 (Austral Islands) which exhibit 
similar low 87Sr/86Sr and moderate eNd. They are similar, 
however, to analysed rocks from Rimatara28 and Rurutu29, 
neighbouring volcanoes in the Austral Islands.
There has been much recent interest in the geographical 
distribution of isotopic compositions at oceanic islands, cul­
minating in the Dupal anomaly proposal13, which postulates a 
region of higher 87Sr/86Sr, 207Pb/2<34Pb and 208P b /2O4Pb, circling 
the globe at ~30° S. The new isotopic data for Ua Pou presented 
here do not, however, support this view. The Marquesas Islands 
lie within the proposed Dupal anomaly belt, but only the alkali 
basalts have the appropriate radiogenic compositions. 
Apparently both Dupal and non-Dupal mantle reservoirs have 
been tapped at Ua Pou. The same sequence might also be seen 
at other French Polynesian islands, if the suspected early 
tholeiite phase of volcanism could be sampled. Hence, the 
regional significance of the Dupal anomaly, at least in this area, 
is questionable (see also refs 8, 26, 30).
It is evident from trace element and isotopic compositions 
that the tholeiites and alkali basalts at Ua Pou cannot be related 
by variable degrees of partial melting or crystal fractionation of 
primary melts from a common mantle or lithospheric source. 
Thus at least two, and probably three distinct source end- 
member compositions have contributed to volcanism at this 
island. In addition, the alkali basalts postdate the tholeiites in 
a clear age progression implying that the chemically distinct 
sources were tapped at different times. This suggests that the 
sources are not ubiquitous and continuously available for melt­
ing, but are likely to be physically separate. We will consider 
two possibilities for the spatial distribution of these source 
components: first, partial melting of both the mantle plume and 
the overlying lithosphere, and second, melting of the plume 
alone. In the first case the lithospheric mantle and plume have 
differing isotopic compositions and are the sources for the 
tholeiitic and alkali basalts respectively; in the second, both the 
alkalic and tholeiitic melts are derived from the plume, implying 
an isotopically heterogeneous plume.
The lower oceanic lithosphere probably consists of an unmel­
ted mix of enriched mantle blobs and depleted asthenosphere 
which could possess considerable isotopic heterogeneity26,31"33 
(Fig. 3a). Samples from the East Pacific Rise exhibit a rather 
small range of 87Sr/86Sr and eNd compositions (Fig. 2a), but are 
quite variable in 206Pb/204Pb composition25,33 ( Fig. 2b). Vari­
ation in these MORB compositions can be explained by mixing 
melts from depleted upper mantle with those from a small 
proportion of enriched mantle of the Rurutu/Tubuai type (low 
7Sr/86Sr, moderate eNd, high 2°*Pb/204Pb). Interestingly, rocks 
from Easter and Sala y Gomez Islands have compositions at 
the high-206P b /204Pb end of this trend25 (Fig. 2b). Mantle upwel- 
ling in this region of the East Pacific Rise may be a major source 
for the enriched mantle blobs which became incorporated into 
the lower oceanic lithosphere by thickening of the plate during 
cooling away from the spreading centre.
At Ua Pou we propose that such heterogeneous oceanic litho­
sphere of 50-60 Myr age approached and crossed the Marquesas
hotspot (Fig. 3a). Melts and heat from the mantle plume entered 
the lower lithosphere, where wall rock reached temperatures 
sufficient to melt. The plume and lithosphere melts could then 
mix to produce the magmas seen at the island. The trace element 
and isotopic compositions of the mixed magmas would vary 
depending on the degree of melting of each source and the 
proportions of melt contributed. At Ua Pou the isotopic compo­
sition of the early tholeiitic phase lies on a mixing line between 
MORB and Rurutu/Tubuai compositions, and reflects the pro­
posed composition of the lower oceanic lithosphere beneath the 
island. Hence, in this model, melting of the lower lithosphere 
was significant and dominates the composition of tholeiitic 
magmas.
As the volcano migrated away from the hotspot, temperatures 
at the base of the lithosphere decreased. Smaller degrees of 
melting (of alkali basalt character) developed in the margin of
Uo F^ xj Hno Oa Seamount (/
^ te l e r o g e n e o u s  £  
lower lithosphere S
plume composition
Uo Pou hKo Oo Seamount h
Heterogeneous U
Fig. 3 Two models for the isotopically distinct magmas at Ua Pou, 
illustrated by vertical cross-sections along the line of the M arquesas 
Islands. Both models show volcanic activity at ~2.5 Myr, when 
alkali basalts erupted onto an older tholeiite shield at Ua Pou, 
concurrently with tholeiitic basalts at H ivaO a and, possibly, with 
the initial seam ount basalts beneath Fatu Hiva. a. Heterogeneous 
lower lithosphere. The plume ( —400 km diameter) has a uniform , 
undepleted isotopic com position and is crossed by a Pacific plate 
composed of an upper section of uniform, MORB-like isotopic 
composition formed at the East Pacific Rise and an isotopically 
heterogeneous lower lithosphere accreted to the plate as it cooled 
away from the spreading ridge. Tholeiitic melts are formed over 
the centre of the plume as melts from the plume mix with melts 
from the lower-lithosphere wall rock. Alkali basalt melts erupt 
from the margin of the plum e, where temperatures are cooler, and 
pass through previously heated lithosphere without significant 
contamination, b. H eterogeneous plume. The lithosphere has a 
uniform, M ORB-like isotopic composition throughout and passes 
over a plume which has developed large-scale chemical 
heterogeneities by entraining depleted upper mantle material du r­
ing its diapiric rise34. The original plume material concentrates in 
a torus around the plume margin (shaded), while entrained material 
flows into the centre35. Hence tholeiitic melts from the plum e centre 
are MORB-like in isotopic character, whereas alkali basalt melts 
from the margin are more like the original plume. The lower 
lithosphere may melt but the isotopic differences in erupted  m ag­
mas are controlled by heterogeneities in the plume.
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the plume (Fig. 3a). These melts passed through the same 
column of oceanic lithosphere which had earlier yielded its 
low-temperature melting fraction; hence, the wall rock was much 
more refractory and less assimilation occurred at this stage, so 
that the alkali basalt compositions essentially reflect the isotopic 
composition of the plume. Contemporaneous with this phase 
of Ua Pou volcanism was tholeiitic, shield-building volcanism 
at Hiva Oa, the next major volcano upstream, and perhaps the 
seamount phase at Fatu Hiva, another 100 km to the south-east. 
From this model we would expect the same correlation of trace 
element and isotopic composition with time to emerge at other 
Marquesas islands.
An analogous model for the origin of Hawaiian tholeiitic and 
alkali basalts has been proposed by Chen and Frey’. At Hawaii, 
however, there is an inverse correlation between ,7Sr/**Sr and 
abundances of incompatible elements; that is, the tholeiitic 
phase is dominated by the composition of melts from the plume, 
whereas the alkali basalts are thought to reflect the composition 
of the lower lithosphere. This relationship is thought to result 
from small degrees of melting of the lower lithosphere and 
variable proportions of mixing with plume-derived melts’. 
Although lithosphere melting occurs during the tholeiitic phase, 
the volume of melts from the plume is sufficiently high that 
these determine the composition of Hawaiian tholeiitcs. During 
the formation of alkali basalt melts, however, very small (<1%) 
degrees of melting of the wall rock produce high concentrations 
of trace elements which dominate the composition of small- 
volume plume melts. Thus the isotopic composition of the 
Hawaiian alkali basalts reflects that of the lower lithosphere.
The source end-members for melting and magma mixing are 
different for the two island chains. At Ua Pou the enriched 
mantle, or plume composition, has ,7Sr/*‘Sr > 0.7053 and eNd < 
0.5 and lies to the right of the Sr-Nd mantle array. This may 
be similar to, but possibly not so extreme as, the plume com­
ponent for Society Islands alkali basalt magmas1,1 . The lower
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lithosphere beneath Hawaii, as reflected by the isotopic compo­
sition of the alkali basalts’, does not appear to contain the 
Rurutu/Tubuai component seen in the Ua Pou tholeiites. This 
model therefore requires that the oceanic lithosphere of the 
Pacific plate has accreted mantle blobs of different isotopic 
character.
An alternative explanation for the isotopically distinct phases 
of tholeiitic and alkalic volcanism at Ua Pou is that 
heterogeneities occur within the plume or diapir itself. These 
heterogeneities may be either a consequence of initial 
heterogeneities in the plume source, or result from the incorpor­
ation of asthenospheric mantle material into the diapir during 
its ascent. Recent experimental and theoretical studies34,35 have 
demonstrated that thermally activated diapirs will entrain a 
significant quantity of surrounding mantle material during their 
ascent. This is illustrated in Fig. 3b , where the central portion 
of the diapir consists of entrained depleted upper mantle 
(MORB-Iike plus mantle blobs), while the original plume 
material is contained in an outer torus. Tholeiitic melts are 
generated over the centre of the plume while smaller-volume 
alkali basaltic melts form over the perimeter. If isotopic 
heterogeneities are distributed uniformly through the diapir, 
then isotopically distinct magmas could be formed by variable 
degrees of partial melting. Larger degrees of melting (tholeiite) 
would tend to homogenize the variable composition of the 
diapir, whereas smaller degrees of melting (alkali basalt) would 
emphasize the composition of incompatible-element rich segre- 
gations31,32.
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Abstract- Geochemical and Sr, Nd, Pb, O and C isotopic data are reported for 13 carbonatites from 
Africa, Australia, Brazil, Europe and the United States. The carbonatites possess generally high Ba, Th, 
LREE, Sr and low Cs, Rb, K and HREE abundances. Some examples have low Ti, Nb, Ta, P, Zr, Hf 
and U concentrations which are consistent with variable fractionation of sphene, apatite, perovskite, 
monazite or zircon. The samples range in age from Proterozoic to Tertiary and possess a range of initial 
Sr isotopic compositions between 0.7020 and 0.7054, initial eNd values of -0.4 to +3.8 and (with the 
exception of the Brazilian Jacupiranga carbonatite) generally radiogenic initial Pb isotopic compositions. 
8 180 Sm o w  compositions of the intrusive carbonatites range from +5.5 to +12.4 %c. Higher 
8 18OSMow  va u^es °f +14 and +17 %c are found in the volcanically-emplaced Proterozoic Goudini 
complex of South Africa, suggesting the involvement of secondary alteration processes. $ 13CpDB ranges 
from -0.5 to -6.6 %o with samples having near-primary S 18Osm o w  (between +5.5 and +8 %c) 
possessing 0 13CpDB between -2.9 to -6.6 %o. On the initial Sr-Nd isotope diagram, most carbonatites 
plot below the mantle array and below or within the field characteristic of many ocean-island basalts. The 
Pb isotopic compositions of carbonatites generally lie along the array defined by oceanic basalts. The 
characteristics of carbonatites from a number of continents and their isotopic similarity to some 
ocean-island basalts favour an asthenospheric mantle "plume" origin. This conclusion suggests that some 
ocean-island alkali basalts may have been derived from trace-element-depleted mantle sources which have 
been re-fertilised by low-viscosity, trace-element-rich carbonatitic melts. The common close spatial and 
temporal association and the overlap in trace-element geochemistry and isotopic characteristics of Group 1 
(basaltic) kimberlites and carbonatites argues strongly for a genetic relationship. Although secondary 
differentiation processes such as late-stage melt/vapour fractionation may play some role, the extreme 
LREE-enrichment typical of carbonatites requires their derivation by small degrees of melting (<=1%) 
from a garnet-rich eclogitic source. This source may originally have been C 02- and volatile-rich 
subducted oceanic lithosphere.
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INTRODUCTION
CARBONATITES are magmatic, carbonate-rich (>50 wt%) rocks characterised by high abundances 
of Sr, Ba, P and the light rare-earth elements. Examples have been reported from both continental 
settings, commonly associated with nephelinitic or kimberlitic igneous provinces, and more recently from 
oceanic settings, such as the Cape Verde and Canary Islands (ALLEGRE et al., 1971; SILVA et al., 1981; 
BARRERA et al., 1981) and the Solomon Islands (NIXON and BOYD, 1979). Despite the interest these 
unusual rocks have attracted, their origin remains a perplexing petrogenetic problem. Earlier models 
favouring the syntexis of limestone are untenable in the light of subsequent isotopic studies. Other 
proposals have invoked such mechanisms as Na-rich carbonate/silicate liquid immiscibility (demonstrated 
experimentally by HAMILTON et al. 1979), fractional crystallisation from an alkaline silicate parent 
magma or extreme alkali metasomatism of silicate rocks during the differentiation of an intrusive 
ultrabasic magma. More recently, experimental evidence favours a primary igneous origin for carbonatitic 
magmas, emphasising the important role of C 0 2 in their genesis. C 0 2 is a major component in 
volcanic glasses and is probably contained in minor carbonate phases such as dolomite or magnesite in the 
upper mantle (BREY et al., 1983). Experimental studies (e.g. WYLLIE and HUANG, 1976; 
WENDLANDT, 1984) indicate that, due to a rapid increase in the solubility of C 0 2 and a concomittant 
lowering of the solidus temperature at pressures »25-30 kbar, partial melts of carbonate-bearing peridotite 
at these pressures will be carbonate-rich. Carbonatite magmas may therefore be produced by small degrees 
of partial melting of carbonated peridotite at depths greater than =80 km, followed by the separation of a 
carbonatitic liquid by immiscibility processes.
Radiogenic isotope studies (e.g. BELL et al., 1973; LANCELOT and ALLEGRE, 1974; BASU and 
TATSUMOTO, 1980; BELL et al., 1982; BARREIRO, 1983; RODEN et al., 1985; GRÜNENFELDER 
et al., 1986) indicate that most carbonatites examined so far have generally similar isotopic characteristics, 
with unradiogenic initial 87Sr/86Sr (=0.703), slightly positive eNd and radiogenic initial Pb compared to 
those of MORB, and isotopically resemble the alkali basalts from many ocean islands. As the isotopic 
characteristics of ocean-island basalts have been interpreted as evidence that they are derived from subducted 
oceanic lithosphere (CHASE, 1981; HOFMANN and WHITE, 1982), a similar origin is also suggested 
for carbonatites. Alternatively, BELL et al. (1982) and BELL and BLENKINSOP (1986, 1987a) have 
argued that Canadian carbonatites are derived from a depleted upper mantle reservoir which has remained 
coupled to the Canadian continental crust since the late Archaean. BARREIRO (1983) also proposed a 
similar model for carbonatites from Westland, New Zealand, involving crystallisation at depth of a LREE- 
and carbonate-rich magma originally derived from a depleted mantle source. At some later time, during 
which the evolution of its Nd isotopic composition had been retarded, this magma was re-activated, 
resulting in carbonatitic magmatism having only slightly positive eNd. C 0 2-dominated "metasomatic" 
processes have also been implicated in the generation of continental alkaline volcanism. For example, 
NORRY et al. (1980) reported Sr-, Nd- and Pb- isotope compositions similar to those of carbonatites and 
ocean islands for alkali basalts, basanites, nephelinites and phonolites from the Kenya rift. These authors 
argued for the operation of C 0 2-metasomatism of the sources of these magmas in order to account for 
their silica-undersaturation and unusual trace-element chemistry. Information concerning the relative 
mobility of trace elements in carbonate fluids provided by the characterisation of the trace-element features
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of carbonatites may be of value in understanding these processes.
In this study, trace-element and isotopic data are reported for carbonatites of a variety of localities and 
ages. Although it is recognised that many carbonatite complexes have had complicated histories of 
differentiation and intrusion, the approach adopted here is to compare broad geochemical and isotopic 
features of many different complexes in order to identify possible common processes which may be 
responsible for the generation of carbonatite magmas. The data obtained are used to characterise the 
sources of carbonatites, to evaluate the hypotheses advanced for carbonatite origin and to assess the 
importance of C02-rich "metasomatic" processes within the mantle.
SAM PLES
African carbonatites
Six African carbonatite localities, ranging in age from mid-Proterozoic to Tertiary, have been 
sampled. The youngest carbonatite locality examined, from the Napak alkaline complex in eastern 
Uganda, consists of both intrusive and extrusive alkaline rocks surrounding a central core of carbonatite 
(Lokupoi carbonatite) which have intruded Precambrian granitic gneiss. The petrology and geochemistry 
of the complex has been investigated by KING (1965) and KING and SUTHERLAND (1966). The 
carbonatite sample obtained for this study (#6336) consists of a flow-banded fine-grained 
calcite-carbonatite (alvikite, following the terminology of STRECKEISEN, 1979) containing rare 
phenocrysts of phlogopite, minor rutile and magnetite. A mid- to late-Tertiary emplacement age is 
indicated by lower Miocene mammalian fauna in sediments interbedded with the volcanics and from K-Ar 
studies (BAKER et at., 1971). The Sukulu and nearby Tororo carbonatites, situated about 150 km south 
of Napak, are believed to be of similar age. Their petrology, geochemistry and field relationships have 
been summarised by KING and SUTHERLAND (1966) and HEINRICH (1966). The Sukulu sample 
examined here (#6335) is a melanite-bearing calcite-dolomite carbonatite and the Tororo sample (#6330) is 
a scapolite-bearing alvikite containing minor melanite. Details of the geology and geochemistry of the 
Kangankunde carbonatite, Malawi, can be found in GARSON (1966). An early Cretaceous K-Ar age of 
126 Ma was reported for this carbonatite by SNELLING (1965). The specimen from the Kangankunde 
complex used in this study (#3432) is a coarse monazite-scapolite dolomite carbonatite (beforsite). The 
Nachendazwaya carbonatite, located in Tanzania near the border with Malawi, is believed to be genetically 
related to the Ilomba Hill carbonatite complex (GITTINS, 1966), 2 km further south in Malawi, which 
has been dated by the U-Pb zircon method at 655 Ma (SNELLING et al., 1964). A similar K-Ar age of 
680 Ma has been reported for phlogopite from metasomatised country rock adjacent to the Nkombwa 
carbonatite =75 km to the southwest in Zambia (SNELLING, 1965). The Nachendazwaya carbonatite 
specimen (#7122) is an apatite-biotite-magnetite sövite (coarse-grained calcite carbonatite) having rare 
phenocrysts of blue-green amphibole and trace amounts of rutile. The age of the Goudini carbonatite, 
South Africa, is uncertain, but has been tentatively correlated with magmatic activity associated with the 
Pienaars River Alkaline Complex which dates from 1430 to 1300 Ma ago (HARMER, 1986). Goudini 
specimen #33174 consists of ocelli of coarse calcite up to several millimeters in diameter with radial 
aggregates of green amphibole (probably riebeckite), scapolite, magnetite, nepheline, goethite and opaques
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in a carbonate matrix and #33176 is a fine grained apatite-bearing calcite-dolomite carbonatite with minor 
sodic amphibole (riebeckite), albitised plagioclaise, white mica (possibly fuchsite) and chlorite.
Australian carbonatites
The Jurassic Walloway carbonatite occurs as a «10 km long, 100 to 800 m wide diapir associated 
with a suite of contemporaneous carbonate-rich ultrabasic lamprophyric and kimberlitic intrusions located 
in the Flinders Ranges region of South Australia (TUCKER and COLLERSON, 1972; STRACKE et al., 
1979). The mineralogy and chemistry of both the Walloway carbonatites and the nearby kimberlitic 
intrusions at Terowie and Orroroo have been described by FERGUSON and SHERATON (1979) and 
SCOTT-SMITH et al. (1984). The Walloway carbonatite specimen examined here (#7821-0009) is a 
coarse-textured calcite carbonatite (sövite) containing minor phlogopite (commonly rimmed by sodic 
amphibole), nepheline, sodic amphibole and opaques. The Mudtank carbonatite complex, located on the 
deep-seated Woolanga Lineament 50 km east-northeast of Alice Springs in central Australia, consists of 4 
separate lenses of crystalline, micaceous and feldspathic carbonate rocks and has been reliably dated by 
both U-Pb zircon and Rb-Sr whole-rock techniques at 732 ±5 Ma and 735 ±75 Ma respectively (BLACK 
and GULSON, 1978). Further details of the geology and geochemistry can be found in BLACK and 
GULSON (1978) and references therein. Mudtank sample #7590-2015 is a coarse apatite-bearing dolomite 
carbonatite (beforsite). The Mt Weld carbonatite, located within the Eastern Goldfields province of the 
Yilgam Block, Western Australia, is a «4 km diameter circular intrusion which has been dated by both 
K-Ar and Rb-Sr techniques at =2040 Ma (reported in WILLETT et al., 1986). Its emplacement is believer 
to be tectonically related to the long-active deep-seated Laverton tectonic zone. Two samples of coarse 
calcite carbonatite (sövite) containing phenocrysts of apatite, magnetite and biotite (#MW-1 and #MW-2) 
were obtained for this study.
Jacupiranga carbonatite
The Jacupiranga alkalic complex is an oval-shaped plug of =65 km area consisting of a central body 
of carbonatite surrounded by jacupirangites, pyroxenites, ijolites and syenites, that have intruded the 
Precambrian schists and granodiorite of southwest Säo Paulo, Brazil. The age of intrusion is well 
constrained by both K-Ar (AMARAL, 1978) and Rb-Sr (RODEN et al., 1985) methods at 131 ±3 Ma, 
contemporaneous with both the flood basaltic volcanism of Parana to the west and the opening of the 
South Atlantic Ocean. RODEN et al. (1985) reported a range in initial 87Sr/86Sr and eNd values of 
0.7051 to 0.7053 and +0.1 to +1.6 respectively from the 5 distinct intrusions which comprise the central 
body of the Jacuparinga alkalic complex and attributed the range in initial isotopic compositions to crustal 
contamination. Both Jacupiranga samples examined here (#5961 and #5963) are magnetite- phlogopite- 
bearing sövites.
Kaiserstuhl and Fen carbonatites
The Kaiserstuhl is situated in the Upper Rhine Graben «15 km from Freiburg im Breisgau, Germany. 
Carbonatitic, phonolitic and other alkalic intrusives form the core of the complex, which is rimmed by 
pyroclastic deposits. Kaiserstuhl carbonatite sample #K-3 consists of coarse calcite with minor biotite,
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melanite and apatite. K-Ar dating indicates emplacement ages of 16-18 Ma (in WIMMENAUER, 1966). 
The Fen carbonatite, Norway, has been the subject of extensive study (e.g. BARTH and RAMBERG, 
1966; MITCHELL and CROCKET, 1970; GRIFFIN and TAYLOR, 1975) and has been dated by several 
independent techniques at -550 Ma old. Specimen #NBS-18 consists of carbonate from the Fen 
carbonatite prepared for use as a stable-isotope standard (FRIEDMAN et al., 1982).
Magnet Cove carbonatite
The Magnet Cove carbonatite complex, Arkansas, is a «6 km2 oval body that has intruded 
Palaeozoic shales and sandstones and consists of ijolite and carbonatite intrusions surrounded by ring 
dykes of phonolite, melteigite, jacupirangite and nepheline syenite (ERICKSON and BLADE, 1963). 
ZARTMAN et al. (1967) obtained K-Ar and mica Rb-Sr ages of 97 Ma indicating emplacement of the 
complex during the late Cretaceous. Specimen #MC-1 consists of coarse («1 cm ) rhombs of transparent 
calcite.
ANALYTICAL PROCEDURES
Major-element analyses were obtained by X-ray fluorescence spectrometry on fused glass discs using 
an automated Siemens SRS300 spectrometer located in the ANU Department of Geology, following the 
procedure of NORRISH and HUTTON (1969). Abundances of the trace elements Ni, Cu, Zn, Rb, Sr, Y, 
Zr, Nb and Pb were determined by X-ray fluorescence on pressed powder pellets using a Phillips PW1400 
spectrometer, following the method of NORRISH and CHAPPELL (1967). The other trace-element 
abundances were obtained on «=300 mg of powdered sample by instrumental neutron activation analysis 
using an internal synthetic kimberlite standard included in each batch. All trace-element analyses given 
here represent averages of at least two determinations.
Samples for isotopic analysis were sawn into «3 cmJ cubes, scrubbed thoroughly and then washed in 
an ultrasonic bath in ultrapure H20  and acetone. The cubes were then coarsely crushed in a stainless steel 
mortar and small rock chips with fresh fracture surfaces were hand-picked and used for isotopic analysis. 
About 1-3 g of carbonatite chips were initially treated with 6N HC1 in teflon beakers until all carbonate 
was decomposed, the solution then evaporated and the residue dissolved using a mixture of HF-HCIO^. 
The resulting solution was then re-dissolved in IN HC1 and split into two aliquots, one of which was 
spiked with mixed U- Pb spike and the other used for Pb isotopic composition. Rb-Sr and Sm-Nd 
concentration and isotopic analyses were undertaken on =70 mg of sample chips using mixed Rb- Sr 
and 147Sm-150Nd spikes. Samples were dissolved in HF-HCIO4 in teflon pressure capsules at 200 °C 
or in teflon beakers for at least 48 hrs. The remaining procedures for Rb-Sr, Sm-Nd and U-Pb 
concentration and isotopic analysis have been described elsewhere (McCULLOCH and CHAPPELL, 1982; 
NELSON et al., 1986). All Pb isotopic composition analyses were performed in duplicate or triplicate 
and the analytical error, based on two-way analysis of variance of replicate analyses, is < ±0.1% at the la  
level. The total procedural blanks were =1 ng for Sr, <1 ng for Nd and <5 ng for Pb and were 
insignificant for all analyses.
Carbonates for 5 13C and 8 180  analysis were reacted in duplicate with 100% H3P04 at 25 °C for 1 
day (calcite samples) and 3 days (dolomitic/ankeritic samples) and analysed on a highly modified MS-12
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triple-collector mass spectrometer (overall precision ±0.1 %o). 5 180  values were calculated using 
lOOOlna values for acid-liberated C 02 of 10.20 for calcite and 11.03 for dolomite/ankerite. 5 13C and 
5 180  values are expressed as per mil differences relative to the PDB and SMOW standards. 8 180$MOW 
and 8 13CpDB (%c) values for NBS-18 and NBS-19 standards of +7.20, -5.00 and +28.65, +1.95 
respectively, are obtained in our laboratory.
C 02 contents (Table 1) of calcitic samples were measured by manometry of the C 02 evolved at 25 
°C. After collection of the C 02 evolved at 25 °C from ankeritic samples, the phosphoric acid was boiled 
vigorously for ten minutes and the additional C 02 released measured manometrically to provide a total 
CO 2 content. Due to the small sample weight (20 mg) and inhomogeneity of the samples, 
reproducibility of the manometric yields is only ±3%. This uncertainty is largely responsible for some of 
the poorer major-element sums (Table 1).
RESULTS
Major- and trace-element analysis
Geochemical data are tabulated in Table 1 and presented diagramatically in Figs. 1 and 2. In Fig. 1, 
the concentrations of trace elements have been normalised to estimated primitive mande abundances (from 
McDONOUGH et al., 1985 and NELSON et al., 1986) and plotted in order of increasing compatibility in 
peridotitic mantle of garnet lherzolite mineralogy. Also shown for comparison are trace-element patterns 
for ocean-island basalts (CHEN and FREY, 1983; THOMPSON et al., 1984; PALACZ and 
SAUNDERS, 1986). General features of the geochemistry of carbonatites apparent from Table 1 and Fig. 
1 are; a) the typically high abundances of Ba, Th, LREE, Sr, variable abundances of Nb, Ta, P and low 
Cs, Rb, K, Ti and HREE abundances of most examples; b) with the notable exception of Goudini and 
Walloway carbonatites, most examples possess large negative Zr and Hf concentration anomalies. These 
negative Zr and Hf anomalies are generally accompanied by large negative U anomalies and (with some 
exceptions) high Th/U ratios. The South African Goudini and South Australian Walloway carbonatites 
possess higher S i02, Cr, Sc, Ni, Co, Rb, Zr and Hf than the other low-Si02, U- and Zr- anomalous 
carbonatites.
Rare-earth element concentrations normalised to chondritic values are plotted in Fig. 2. The 
rare-earth element patterns for two secondary vein carbonate samples of sedimentary origin are also shown 
for comparison. All carbonatites have steep LREE-enriched patterns with low HREE abundances. Slight 
decoupling of the LREE from the HREE is apparent in a few of the patterns, especially those of 
Nachendazwaya, Mudtank and Jacupiranga (#5963) examples for which the slopes of the patterns are 
steepest between Sm and Tb. Some of the carbonatites (e.g. Kaiserstuhl #K-3 and Magnet Cove #MC-1) 
have patterns with steep LREE but relatively flat HREE. The Goudini carbonatite #33176 pattern 
possesses a positive slope between Nd and Eu. Small positive Eu anomalies are evident in Kaiserstuhl 
(#K-3) and Magnet Cove (#MC-1) carbonatite patterns and in the Terowie kimberlite (#0090) pattern.
Rb-Sr and Sm-Nd isotope analysis
Sr and Nd isotopic analyses are presented in Table 2 and are compared with available data for
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carbonatites from other studies and with the fields of modern ocean-island basalts, MORB and 
non-micaceous (Group 1) South African kimberlites on an initial Sr-Nd isotope diagram in Fig. 3. As 
most of the carbonatites have very low Rb contents and high abundances of Sr, corrections to the 
measured 87Sr/86Sr for 87Rb decay since emplacement are small and insensitive to possible errors in the 
emplacement ages. In order to minimise the possibility of contamination during rock crushing, isotopic 
analysis was performed on small hand-picked chips, which are not likely to be geochemically 
representative of the larger hand-specimen. This has resulted in some discrepancies between the 
concentrations of Rb, Sr, Sm, Nd, U and Pb determined by isotope dilution and those determined by 
XRF/INAA. However, there is generally good agreement between the Rb/Sr, Sm/Nd and U/Pb ratios 
determined by these methods.
Sr and Nd isotopic compositions of Tororo, Sukulu, Kaiserstuhl, Fen, Magnet Cove and Jacupiranga 
carbonatites from this study generally agree within analytical error with the results obtained in previous 
studies of these complexes (e.g. BELL and POWELL, 1970; MITCHELL and CROCKET, 1970; 
RODEN et a l, 1985; BELL and BLENKINSOP, 1987b; TILTON et a l, 1987). DERRY and 
JACOBSEN (1986) reported a wide range of eNd values of from +3.1 to +7.7 for the intrusive rocks of 
the Fen Complex, confirming that some carbonatite complexes display considerable isotopic 
heterogeneity, possibly as a result of late-stage hydrothermal processes. Nevertheless, it is apparent from 
Fig. 3 that most carbonatites fall within a restricted range of initial 87Sr/86Sr of between 0.7025 to 
0.7036 and have initial eNd between 0 and +4. The Walloway carbonatite and the associated carbonated 
micaceous kimberlite have initial Nd isotopic compositions within this range but have more radiogenic 
initial 87Sr/86Sr of 0.7049 and 0.7054 respectively. Although STRACKE et a l (1979) obtained a 
phlogopite- whole-rock two-point Rb-Sr isochron for the Terowie kimberlitic intrusion, a sufficiently 
precise initial 87Sr/86Sr could not be determined. The Jacupiranga carbonatite also possesses 
significantly more radiogenic Sr than the other carbonatites despite having eNd values (-0.4 and +0.5) 
which are only slightly lower than the range of isotopic compositions of most of the other examples. 
The younger African (i.e. Sukulu, Tororo, Lokupoi and Kangankunde) and Westland carbonatites fall 
below the mantle array and below the fields of St Helena, Austral, Comoros and Ascension ocean-island 
basalts on the initial Sr-Nd isotope diagram (Fig. 3). The older occurrences, such as the Proterozoic Mt 
Weld and Goudini carbonatites, the Late Precambrian Mudtank and Nachendazwaya carbonatites and the 
Cambrian Fen carbonatite, have generally less radiogenic initial 87Sr/86Sr and similar eNd values 
compared to those of younger carbonatites. Phonolites associated with the Kaiserstuhl carbonatite 
occurrences have eNd within analytical error of the carbonatites but have slightly more radiogenic initial 
87Sr/86Sr.
As with many ocean-island and continental alkali basalts, the Nd isotopic characteristics of most of 
the carbonatites examined in this study indicate their derivation from sources with time-integrated 
near-chondritic LREE/HREE or slight LREE depletion, despite the LREE-enrichment evident in the 
magmas themselves. The initial Sr and Nd isotopic characteristics of carbonatites of various ages from 
throughout the world therefore indicate derivation from sources which have had generally similar 
long-term evolutionary histories.
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U-Pb isotope analysis
Whole-rock U and Pb concentration and Pb isotopic composition analyses are given in Table 3. The 
carbonatites possess an extremely wide range of U and Pb concentrations and U/Pb ratios. Corrections to 
the Pb isotope ratios for post-emplacement radiogenic decay of U and Th are significant for Mudtank, 
Walloway, Nachendazwaya and Goudini samples and the age-corrected Pb isotopic compositions will be 
reliable only if there has been no mobility of U, Th or Pb since their emplacement. Age corrections to 
the remaining examples are relatively small due to either the younger emplacement ages, lower U/Pb 
ratios or a combination of these factors. For example, the Cambrian Fen carbonatite requires a correction 
of -0.33 (or 1.6%) to the 206Pb/204Pb and the correction to 207Pb/204Pb is within the analytical 
uncertainty. Due to possible error in the Th/Pb correction assumptions (age corrections have been applied 
using thorium abundances calculated from the INAA-determined Th/U ratio and the isotope dilution 
uranium abundances), a much larger uncertainty applies to the calculated initial 208Pb/204Pb ratios. 
Despite the wide variation in U/Pb, most of the carbonatites have radiogenic Pb isotopic compositions 
(Fig. 4) and plot along the Pb-Pb array determined for MORB and ocean-island basalts. Kaiserstuhl 
samples overlap the field of the Society group of ocean islands, whereas the younger African carbonatites 
have considerably more radiogenic Pb values which extend beyond the St Helena field. Similar radiogenic 
Pb compositions were found in Ugandan carbonatites (including samples from Napak, Sukulu and Tororo) 
by LANCELOT and ALLEGRE (1974). Radiogenic initial Pb compositions have also been reported by 
GRÜNENFELDER et al. (1986) for the Cretaceous Oka carbonatite from Quebec and by WILLIAMS et 
al. (1986) for the Oldoinyo Lengai carbonatite. The Cambrian Fen carbonatite has an initial Pb isotopic 
composition similar to that of some Ugandan carbonatites.
The Jacupiranga carbonatite is exceptional in having unradiogenic initial Pb and lies to the 
unradiogenic side of the modem geochron, although it still plots along an extension of the Pb-Pb array of 
modern oceanic basalts. RODEN et al. (1985) demonstrated that the Jacupiranga carbonatite is 
isotopically heterogeneous, with later intrusions possessing slightly more radiogenic initial Sr isotopic 
compositions, and argued that the Sr and Nd isotopic composition of the Jacupiranga carbonatite has been 
modified by crustal assimilation. If the Pb isotopic composition of the Jacupiranga intrusion has also 
been modified by crustal assimilation, its unradiogenic Pb isotopic compositions suggest that this 
assimilation probably occurred within the lower crust, as the lower cmst is generally believed to be 
depleted in U and to possess unradiogenic Pb. The stable-isotope characteristics of the Jacupiranga 
carbonatite (see below) have apparently not been effected by assimilation of the extensive amounts of 
crustal material required to modify the Sr isotopic composition.
The large difference in both the Sm/Nd and U/Pb ratios of the two Goudini samples enables 
determination of the age of emplacement. Regression of the Goudini analyses gives an Sm-Nd age of 
1190 ±80 Ma and a similar but imprecise Pb-Pb age of 1110 ±300 Ma ( la  errors given on ages). These 
emplacement ages are similar to those determined for a variety of alkaline rocks and kimberlites from the 
region (HARMER, 1986). The two Mt Weld Pb analyses yield a Pb-Pb age of 2090 ±10 Ma, within 
error of the K-Ar age of 2064 ±40 Ma but statistically significantly older than the Rb-Sr age of 2020 ±17 
Ma (WILLETT et al., 1986).
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0  and C isotope analysis
180 /160  and 13C/12C results are given in Table 3 and shown graphically in Fig 5. The carbon and 
oxygen isotopic compositions of Kaiserstuhl, Tororo and Sukulu carbonatites from this study fall within 
the ranges determined for these localities by previous studies (GONFIANTINI and TONGIORGI, 1964; 
DEINES and GOLD, 1973; see Fig. 5). The results of PINEAU et al. (1973) and this study indicate 
similar carbon but slightly heavier oxygen isotopic compositions for the Lokupoi carbonatite compared to 
those of the other Ugandan carbonatites. The Cretaceous Kangankunde carbonatite has a carbon isotopic 
composition within the range of 8 13C obtained by SUWA et al. (1975) (averaging -3.4 %c using only 
those samples with 8 180  between +6 and +8 %c) for the Mbeya carbonatite of similar age (SNELLING, 
1965) located near the southwest border of Tanzania, whereas the late Precambrian Nachendazwaya 
example, situated near the Mbeya carbonatite, has slightly lighter carbon. Our results support the 
assertion of DEINES and GOLD (1973) of regional variation in the carbon isotopic compositions of 
carbonatites from East Africa, with the inter-rift region surrounding Lakes Victoria, Malawi and Chilwa 
(where Tororo, Sukulu, Lokupoi, Kangankunde and Nachendazwaya carbonatites are located) characterised 
by higher 13C contents (between -2.4 and -4.4 %o) compared to their results for carbonatites located 
within the East and West African Rifts (-5.8 to -7.9 %c).
The Goudini complex consists predominantly of ejected tuffaceous material and breccia 
(VERWOERD, 1966). DEINES and GOLD (1973) have observed that volcanically emplaced carbonatites 
generally display greater carbon and (especially) oxygen isotopic variability than plutonic carbonatites and 
attributed this to the greater opportunities available for isotopic exchange during emplacement of the 
volcanic carbonatites. The heavy carbon and oxygen compositions of the Goudini samples compared with 
results obtained from other localities probably reflect greater loss of isotopically light carbon and oxygen 
during their emplacement and substantial post-emplacement isotopic exchange of these samples with their 
surroundings.
Carbon- and oxygen- isotope analyses for the Mudtank carbonatite from this study are significantly 
heavier than those reported by WILSON (1979). Correction of WILSON'S (1979) results to account for 
recent re-calibration of the C.S.I.R.O. internal standard (for S 13CpDB, from -12.8 to -13.3 %c and for 
8 180 p DB, from -5.6 to -5.3 %o) indicates $ 13CpDB and S 18Osm ow  values of -4.8 and +7.2 %o 
respectively, compared to our results of -3.6 and +7.5. The slight discrepancy between these two data sets 
may indicate some carbon- and oxygen- isotope heterogeneity in this intrusion.
Many of our carbonatite samples have oxygen- isotope compositions outside the range of +6 to +8 
%o vs SMOW, considered by DEINES and GOLD (1973) to represent the range of values expected for 
primary carbonatites. However, there is compelling evidence from the large amount of C data on 
carbonatites for the existence of considerable isotopic heterogeneity which is difficult to attribute entirely 
to secondary processes. Although the regional C compositions displayed by the African rift 
carbonatites noted by DEINES and GOLD (1973) may be due to subtle regional differences, either in the 
style of emplacement or in the basement rocks through which the carbonatites intrude, these differences 
may also indicate that the sources of carbonatites are isotopically heterogeneous. If this is the case for
n  1 O
C, it is probable also for O. Distinguishing between the effects of primary and secondary variation 
in oxygen (and to a lesser extent, carbon) isotopic compositions is, however, likely to prove difficult even
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with detailed sampling of each locality.
A recent study of carbon isotopic compositions in mid-ocean ridge basalts by DES MARAIS and 
MOORE (1984) has found S 13C values between -5 and -7 %o. KYSER et al. (1982) reported a range of 
8 180  for mantle-derived basic lavas between +4.9 to +8.3 %o, with most mid-ocean ridge and alkali 
basalts having values between +5.0 and +6.2 %o. If these compositions are typical of mantle values, they 
indicate that most carbonatites have similar or slightly heavier 8 13C and 8 180  values compared to 
mantle values. Two exceptions, both of which have considerably lighter 8 13C values, are the modern 
Oldoinyo Lengai carbonatite volcano (SUWA et al., 1975), whose lavas are deliquescent and readily 
exchange carbon and oxygen with the atmosphere, and the recently discovered carbonatites from the Murun 
alkalic block, Aldan (PLYUSNIN et al., 1984).
DISCUSSION
Geochemical characteristics of carbonatites and associated magmatism
Although magmas parental to carbonatites are probably generated by extremely low degrees of partial 
melting of a carbonated peridotitic or eclogitic source and are therefore likely to have high abundances of 
incompatible trace elements, the trace-element characteristics of carbonatites are anticipated to be strongly 
influenced by the operation of complex secondary processes such as extensive differentiation, liquid 
immiscibility or volatile transport. The pronounced negative anomalies of U, Zr, Hf Nb, Ta and Ti 
displayed by some carbonatites in Fig. 1 may be attributed entirely to late-stage fractional crystallisation 
processes, including removal of sphene, apatite, perovskite, monazite or zircon. However, abundances of 
Ba, P and Sr are in most cases not anomalous compared with the degree of enrichment displayed by the 
light and middle REE which have similar incompatibility. Apart from negative anomalies for K, the 
Walloway and Goudini carbonatites have relatively smooth trace-element abundance patterns (Fig. 1) 
suggesting that they have not undergone extensive modification by secondary processes. Negative K 
anomalies are also common in the trace-element patterns of ocean-island basalts (see Fig. 1) and may be 
characteristic of ocean-island sources. The Walloway and Goudini carbonatites have similar HREE 
abundances but have significantly higher S i02, Cr, Sc, Ni and Co concentrations compared to the other 
examples, consistent with the suggestion that they have undergone substantially less differentiation.
As the Nd isotopic compositions of carbonatites indicate that they are derived from sources having 
time-integrated near-chondritic LREE/HREE or slight LREE-depletions, generation of the extreme 
LREE/HREE of carbonatites requires either an unusual source mineralogy, specialised conditions during 
melt generation and extraction processes or the operation of suitable secondary differentiation processes. 
WENDLANDT and HARRISON (1979) demonstrated that the HREE are preferentially partitioned into the 
carbonate melt during carbonate/silicate immiscibility. Carbonatites typically have low abundances of the 
HREE, suggesting that immiscibility processes are not responsible for the REE fractionation. These 
authors have also shown that the LREE are fractionated into any C 0 2-vapour phase present relative to 
silicate or carbonate melts, especially at low pressures. Transport of the LREE in a vapour phase may 
therefore contribute to the extreme LREE-enrichment of carbonatites. However, many carbonatites 
possess enrichments in the elements Ba, Sr and P similar to that of the REE (evident from the relatively
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flat normalised patterns of these elements in Fig. 1). This is unlikely to be due to melt/vapour 
enrichment processes but instead, suggests that the enrichment is due to partial melting processes. Using 
the distribution coefficients of WOOD (1979), calculations indicate that modal, non-modal or fractional 
partial melting of garnet lherzolite or eclogite like those found as xenoliths in kimberlite pipes is 
incapable of producing the extreme La/Yb ratios found in some kimberlites and carbonatites. McKENZIE 
(1985) has suggested that because of the extremely low viscosity of carbonate melts, segregation of very 
small melt fractions (as low as 0.1%) on geologically reasonable timescales may be possible. Extreme 
fractionation of La from Yb can occur in low melt fractions (<=1%) generated from eclogitic sources with 
relatively high modal abundances of garnet (i.e. GntgQ:Cpx2o). Under these circumstances, the extreme 
LREE-enrichment and low HREE abundances of carbonatites may be a primary magmatic feature and may 
not require the operation of secondary processes. This general conclusion is probably still valid for melts 
generated at high pressures even though it is possible that distribution co-efficients determined from rocks 
of low-pressure origin are not applicable at very high pressures or for highly volatile-rich melts. At 
depths greater than =350 km, subducted basaltic oceanic crust is believed to transform to garnet-rich 
eclogitic assemblages (RINGWOOD, 1982) and may therefore provide a suitable source material for 
carbonatite and kimberlite melt generation.
Small Eu- and Ce- anomalies have been observed in the rare-earth patterns of some carbonatites (e.g. 
WIMMENAUER, 1966; LOUBET et al., 1972; EBY, 1975; MÖLLER et al., 1980). EBY (1975) 
demonstrated that many different mineral phases of the Oka carbonatite possess positive or negative 
Eu-anomalies even though the whole-rocks from which these phases were separated lack Eu-anomalies. 
Both the Eu- and Ce-anomalies are therefore probably strongly influenced by competition for the REE 
between minerals and/or a volatile phase during late-stage crystallisation. LOUBET et al. (1972) found a 
correlation between the magnitude of the negative Ce anomaly and 5180  in Ugandan carbonatites and 
attributed this to increasing oxidation during carbonatite differentiation. This correlation might also be 
caused by melt/C02-rich vapour fractionation or by secondary alteration processes. The slight decoupling 
of LREE and HREE apparent in rare-earth element patterns of some differentiated carbonatites might 
reflect preferential substitution of the LREE and HREE into different mineral lattice sites during 
crystallisation (for example, the LREE in calcite Ca lattice sites or in monazite etc. and the HREE in 
zircon or in dolomite Mg and Fe sites) or may be due to vapour/melt fractionation processes.
Isotopic characteristics of carbonatites and associated magmatism
From the results of this and earlier studies, it is apparent that carbonatites comprise an isotopically 
relatively homogeneous group of magmas possessing a restricted range of radiogenic and (when the effects 
of secondary alteration processes are taken into account) stable isotope characteristics. Most young 
carbonatites have initial 87Sr/86Sr =0.703. Similar initial 87Sr/86Sr ratios have been reported by BELL 
and POWELL (1970) and BELL et al. (1982) for Cambrian and mid- to late- Proterozoic examples from 
Ontario, Canada. However, a few carbonatites, such as the Na-rich carbonatite from the active Oldoinyo 
Lengai volcano in Tanzania (BELL et al. 1973) and carbonatites from India and Pakistan (DEANS and 
POWELL, 1968) have considerably more radiogenic initial 87Sr/86Sr ratios. The Oldoinyo Lengai 
carbonatite has Nd (eNd of =0; DePAOLO, 1978; BELL and BLENKINSOP 1987b) and Pb isotopic
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compositions (206Pb/204Pb of 19.19, 207Pb/204Pb of 15.55 and 208Pb/204Pb of 39.14, given in 
WILLIAMS et al. 1986) similar to those of other carbonatites, although a wide range of Sr/°°Sr ratios 
have been reported (POWELL, 1966; BELL et al., 1973; DePAOLO, 1978; BELL and BLENKINSOP 
1987b). POWELL (1965) noted that vein carbonatites commonly possess more radiogenic Sr isotopic 
compositions compared to central intrusive complex examples. Because of their extreme concentrations 
of Sr, POWELL (1965) argued against crustal contamination, but instead proposed that vein carbonatites 
were genetically unrelated to central intrusive complex carbonatites. The Walloway carbonatite is a vein 
carbonatite and although it possesses significantly more radiogenic Sr than the central intrusive complex 
carbonatites examined in this study, it has similar Nd and Pb isotopic compositions, suggesting that a 
genetic relationship does exist in this case. Involvement of late-stage fluids during emplacement of the 
Walloway carbonatite, suggested by petrographic features such as the rimming of mica phenocrysts by 
sodic amphibole, may have resulted in isotopic exchange of Sr with the country rock and may account for 
the more radiogenic Sr isotopic composition of this intrusion.
All Nd isotopic compositions so far reported for mid-Proterozoic to Recent carbonatites indicate 
time-integrated near-chondritic or depleted LREE/HREE histories, with most having eNd values between 0 
and +5. For example, BELL and BLENKINSOP (1987a) reported initial eNd values between 0 to +5 for 
twelve Canadian carbonatites ranging in age from 1900 to 110 Ma. Similar eNd values to those reported 
by BELL and BLENKINSOP (1987a) were presented by KWON and TILTON (1986) for the early 
Proterozoic Cargill and Borden carbonatites from Ontario. BASU and TATSUMOTO (1980) measured 
eNd va u^es ° f  +3.3 and +5.3 (after correction for instrumental bias) for the Palaeozoic McClure 
Mountains and Mesozoic Magnet Cove carbonatites respectively, whereas SUN et al. (1986) found an 
initial Sr/ÖOSr of 0.703 and eNd of +2.0 ±0.4 for the late Proterozoic Cummins Range carbonatite of 
Western Australia. MIDENDE et al. (1986) have reported similar initial 87Sr/86Sr and eNd values for 3 
carbonatites, of late Precambrian to Cretaceous age, from the western branch of the African rift. COHEN 
et al. (1984) also found similar isotopic characteristics (87Sr/86Sr of 0.7035, eNd of +1.8, 206Pb/204Pb 
of 20.60, 207Pb/204Pb of 15.77 and 208Pb/204Pb of 40.30) in an ankaramite from the Recent Lashaine 
carbonatite vent, Tanzania. An initial eNd of *0 has also been determined for the late Archaean Siilinjarvi 
carbonatite, eastern Finland (A.R. BASU, personal communication). Furthermore, initial eNd values of 
=+3.5 and Sr/ Sr of 0.7046 have been measured in alnöites from Malaita in the Solomon Islands 
(BASU and TATSUMOTO, 1980; BIELSKI-ZYSKIND et al., 1984). The Malaita alnöite was suggested 
by ALLEN and DEANS (1965) to be genetically related to carbonatite, a suggestion later supported by 
NIXON et al. (1980). However, the early Proterozoic Phalaborwa Complex, South Africa, is exceptional 
in having highly negative initial eNd (ALLSOPP and ERIKSSON, 1986). The Phalaborwa complex 
consists of a carbonatite core and closely associated alkali-rich dykes emplaced during many intrusive 
events and possesses considerable Sr and Nd isotopic diversity which is believed to be a primary feature of 
the magmatism (ALLSOPP and ERIKSSON, 1986).
BELL and BLENKINSOP (1986, 1987a) suggested that a correlation exists between the ages of 
Canadian carbonatites and their initial Sr and Nd isotopic compositions and argued that most Canadian 
carbonatites were derived from a common trace-element-depleted mantle source which had remained 
coupled to the Canadian Shield. However, this correlation is not confined only to carbonatites found
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within the Canadian shield but (when allowance is made for the influence of crustal contamination) is a 
global phenomenon (Fig. 6) and therefore does not provide support for a subcontinental lithospheric 
origin for carbonatites. Furthermore, this correlation does not necessarily require all carbonatites to be 
derived from a single common reservoir. As the correlation holds for carbonatites from a number of 
separate continents, it probably reflects ageing, at a similar rate, of a number of spatially discontinuous 
but isotopically similar reservoirs within the Earth. Moreover, the correlation strongly suggests that 
similar processes have been responsible for generating the sources of carbonatites worldwide. 
BARREIRO (1983) proposed a 2-stage mechanism involving freezing at depth and later re-activation of a 
carbonate-rich melt originally derived from depleted mantle to produce the Westland dyke swarm, New 
Zealand. However, as the Nd isotopic compositions of carbonatites produced by this mechanism are a 
function of the time elapsed between crystallisation and re-activation, the Nd isotopic consistency which 
is observed in carbonatites worldwide argues against the operation of this mechanism.
The possible role of C 02 in the generation of highly alkaline continental magmatism is suggested 
by the close association between carbonatitic, nephelinitic and phonolitic magmatism in many alkaline 
complexes. Phonolites associated with the Kaiserstuhl carbonatite occurrences have eNd within analytical 
error of the carbonatites but have slightly higher initial 87Sr/86Sr. Other studies (for example, 
MITCHELL and CROCKET, 1970; BELL and POWELL, 1970; BELL et a l, 1973; BARREIRO, 1983; 
ALLSOPP and ERIKSSON, 1986) have also found a considerable range of Sr isotopic compositions for 
alkaline (potassic and nephelinitic) and carbonatite magmas from the same intrusive complex, with the 
alkaline silicate magmas commonly (but not universally) possessing the more radiogenic initial Sr 
isotopic compositions. In some cases, this isotopic variation may result from interaction of the alkaline 
silicate magmas with the wall rocks, as these magmas have considerably lower Sr contents compared to 
carbonatite magmas and are therefore more sensitive to contamination processes. Although carbonatites 
may have differentiated from an alkaline silicate parent, the lower 87Sr/86Sr of some carbonatites 
compared to the alkaline silicate magmas with which they are associated rules out the possibility that the 
carbonatite differentiated within a closed system from the alkaline silicate magmas in these complexes. 
Instead, the Sr isotopic variability suggests that in these complexes, the associated silicic magmas may 
not be directly genetically related to the carbonatites, but may have been generated during the passage of a 
C 0 2-rich magma through the upper mantle and crust, as this is likely to induce melting in the 
surrounding mantle and crust wall rocks.
Possible relationships between carbonatites, kimberlites and ocean islands
The similar Sr, Nd and Pb isotopic characteristics of most carbonatites and some ocean-island basalts 
suggest a common origin for these otherwise apparently unrelated magma groups. As carbonatites have 
extreme abundances of incompatible elements, it is conceivable that some ocean-island basalts represent 
mixtures between a carbonatitic component and (for example) a component derived from a depleted mantle 
reservoir. On the initial Sr-Nd isotope diagram (Fig. 3), many young carbonatites lie below the mantle 
array with the fields for many ocean-island basalts positioned between the field of young carbonatites and 
that of MORB, consistent with this suggestion. The same applies for the Pb isotope characteristics (Fig. 
4); many young carbonatites possess initial Pb isotopic compositions which lie along the array of
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ocean-island basalts. The isotopic similarities between ocean-island basalts and carbonatites raises the 
possibility that the sources of some ocean-island basalts consist of trace-element-depleted mantle, such as 
that from which MORB is derived, which has been re-fertilised by incompatible-element-rich, 
low-viscosity carbonate melts. Alternatively, the isotopic similarities may indicate that carbonatites and 
ocean-island basalts are derived from sources which have had similar long-term isotopic histories but with 
the obvious chemical differences controlled by differences in other variables, such as degree of partial 
melting, depth of generation or C 02 content in the sources. Although melts generated from peridotite 
following addition of a component with trace-element characteristics like that of carbonatite would be 
expected to inherit the large anomalies evident in the trace-element patterns of some carbonatites, as 
discussed earlier, these anomalies are probably due to high-level, late-stage differentiation processes. If 
carbonatitic magmas have relatively smooth normalised trace-element patterns prior to the extensive 
operation of differentiation processes (as is suggested by the trace-element patterns of the Walloway and 
Goudini carbonatites), evidence of fertilisation of the sources of ocean-island alkali basalts by these 
carbonatitic components would not be readily detectable. Such trace-element fertilisation of the source 
regions of alkali basalts alleviates the need for the low degrees of partial melting which the high 
abundances of incompatible trace elements of alkali basalts were thought to require.
If C02-rich components are involved in the generation of the alkali basalts of ocean islands, it might 
be anticipated that carbonatites would be common on ocean islands. As pointed out by SILVA et al. 
(1981) and LE BAS (1984), when only plutonic rocks are considered, rocks belonging to the 
carbonatite-ijolite association are volumetrically relatively abundant on ocean islands. Moreover, the 
plutonic basement rocks of ocean islands are rarely exposed unless the island is subjected to uplift and 
extensive erosion, as in the case of the Cape Verde Islands. In addition, C 02-rich magmas intruding 
continental regions must pass through a considerable thickness of crust, during which the magma can 
unmix into carbonate and silicic components. By contrast, introduction of a C 02-rich component to 
mantle peridotite in the hotter oceanic environment (and probably also in regions of thin, young 
continental crust) is likely to cause large-scale melting at shallow depths. Under these conditions, 
segregation of carbonatitic magma may be more difficult and alkali basaltic volcanism would be expected 
to predominate. Furthermore, experimental studies (cf. WENDLANDT, 1984 and references therein) have 
shown that the major-element characteristics of any partial melt generated from carbonated peridotite 
depends strongly on the solubility of C 02 in the melt which in turn varies with depth of melt generation. 
At pressures less than «25 kbar, the solubility of C 02 in the melt is generally low and the melt becomes 
progressively less silica-undersaturated with decreasing pressure (WYLLIE and HUANG, 1975). Partial 
melting of carbonated peridotite at depths less than «70 km may produce a melt resembling the alkali 
basalts of some ocean islands. At pressures approaching 25 kbar, the melts may resemble kimberlite 
magmas. At pressures greater than 25 kbar, partial melting of peridotite in the presence of C 02 will 
produce carbonate-rich magmas (WYLLIE and HUANG, 1975; HOLLOWAY et al., 1977). Depth of 
magma generation therefore strongly influences the major-element chemistry of magmas derived from 
peridotite in the presence of C 02. As the depth of magma generation is likely to be influenced by both 
geothermal gradient and crustal thickness, kimberlitic and carbonatitic rocks are likely to be more 
common in stabilised, thickened cratons and might be expected to be less common in the oceanic
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environment. It is noteworthy that the oceanic island of Malaita, Solomon Islands, from which alnöites 
have been reported (NIXON and BOYD, 1979), lies along the southern margin of the Ontong Java 
Plateau, which consists of thickened (up to 40 km) crust (KROENKE, 1972).
The importance of C 02 in the generation of kimberlites is well established (e.g. SPERA and 
BERGMAN, 1980). For example, BAILEY (1984) demonstrated a correlation between CaO and C02 in 
kimberlites and suggested that a CaC03 component is involved in their generation. The "alleged" close 
association between kimberlitic and carbonatitic magmatism is controversial (see GASPAR and WYLLIE, 
1984) but the recent recognition of two genetically distinct groups of kimberlites (SMITH, 1983) may 
help to clarify possible relationships between kimberlites and carbonatites. South African Group 1 
(non-micaceous) kimberlites have Sr, Nd, Pb and 8 13C isotopic compositions closely resembling those 
of carbonatites. SMITH (1983) has also noted the isotopic similarities between Group 1 kimberlites and 
ocean islands. A close spatial and temporal relationship exists between kimberlitic and carbonatitic rocks 
at both the Walloway/Terowie region, South Australia and in Pretoria, South Africa. Although many of 
the kimberlitic intrusives at Walloway are evolved and contain generally lower trace-element contents than 
typical kimberlite (FERGUSON and SHERATON, 1979), diamond-bearing intrusions of the same age 
have been identified in the Walloway region and one has been classified as hypabyssal, 
calcite-phlogopite-kimberlite (SCOTT-SMITH et al., 1984). The Walloway carbonated kimberlite and 
Terowie kimberlitic intrusion have similar slightly positive eNd, like that of the Walloway carbonatite, 
suggesting a genetic relationship. The emplacement age of the Goudini carbonatite is within error of that 
of the Premier kimberlite pipe, and "carbonatites" at Premier have initial 87Sr/86Sr of 0.7028 (POWELL, 
1966; WELKE et al., 1974) and eNd (BASU and TATSUMOTO, 1980) identical to that of the Goudini 
carbonatite. Although the Goudini and Walloway carbonatites are isotopically similar to other 
carbonatites, these two carbonatites lack the distinctive negative U and Hf anomalies found in all of the 
other carbonatites examined. As discussed earlier, these anomalies are probably due to crystallisation of 
phases such as monazite or zircon. The high Si02 contents and lower degree of trace-element enrichment 
of the Walloway and Goudini carbonatites compared to the other carbonatites indicates incomplete 
segregation of carbonate and silicate phases. If, as the evidence presented here suggests, kimberlites and 
carbonatites are genetically related, these two carbonatites may be transitional between kimberlite and 
more differentiated carbonatite.
Evolution of the sources of carbonatites
Many carbonatites possess isotopic characteristics indicating that their sources have long histories of 
high U/Pb, low Rb/Sr and LREE-depletion. HOFMANN and WHITE (1982) have attributed similar 
isotopic characteristics found in ocean-island basalts to their derivation from subducted oceanic lithosphere 
which has been enriched in uranium during hydrothermal circulation or low-temperature alteration and 
stored for =1-2 Ga in the mantle. Subducted altered basaltic crust is also likely to be C 02- and 
volatile-rich, offering an excellent source material for carbonatite generation. At depth, subducted basalt 
converts to eclogite, which TREIMANN and ESSENE (1983) have advanced as a possible source for 
Na-rich carbonatites (with the jadeitic pyroxene component of eclogite providing a source of Na). 
Derivation from a garnet-rich eclogitic source can also explain the extreme LREE-enrichment typical of
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carbonatites. The relatively unradiogenic initial Sr and slightly radiogenic initial Nd of carbonatites is 
also compatible in general terms with an origin from ancient low Rb/Sr, slightly LREE-depleted, altered 
basaltic crust. If this is the case, the difference in the Pb isotopic characteristics of young carbonatites and 
the MORB depleted mantle reservoir from which their subducted basaltic sources may have been derived 
indicates a recycling rate similar to that inferred for ocean-island sources (CHASE, 1981) of the order of 
«1.5 Ga. Although the correlations between initial 87Sr/86Sr, eNd and emplacement age of Fig. 6 require 
a relatively rapid and steady recycling rate, a rate of this order is probably rapid enough to generate such a 
trend.
A number of 8 13C and 5 180  studies of carbonatites have been undertaken in an attempt to determine 
values characteristic of the mantle. These studies found a considerable range of 8 13C and 8 180  
compositions which overlap with those more recently determined for mid-ocean ridge basalts. Although 
these 8 13C and S180  compositions have been interpreted as representing primitive mantle values, the 
radiogenic Pb isotope characteristics of carbonatites are not compatible with a primitive mantle origin. 
Furthermore, if carbonatites are derived from subducted lithosphere which has been subjected to degassing, 
low-temperature alteration and/or hydrothermal processes, significant shifts in 8 13C and 8 180  from 
mantle values are probable. Because of the low concentrations of magmatic carbon in tholeiitic basalt, 
the 8 13C composition of altered MORB will be strongly influenced by that of the contaminants. 
Phanerozoic pelagic carbonates and secondary carbonates in weathered and hydrothermally altered basalt 
generally have 5 13CpDB values of « 0 to +2 %o (DEGENS, 1969; ANDERSON and LAWRENCE, 
1976; McKENZIE, 1980). Measurements of the oxygen isotopic compositions of altered oceanic 
tholeiites (for example, GREGORY and TAYLOR, 1981) have generally found both 180  enrichments, 
attributed to low-temperature hydrothermal exchange, and depletions, probably due to high-temperature 
exchange, with 8 18Osmow  values typically ranging from +4 to +12 %c. The 8 13C and S180  values of 
carbonatites fall within the range of altered and unaltered sea-floor tholeiite and it is therefore conceivable 
that the shifts towards higher 8 13C and 8 180  values, relative to those of MORB, found in many 
carbonatites are due to exchange of the carbon and oxygen of the oceanic lithospheric sources 'of 
carbonatites with seawater, prior to their subduction. Because of the generally low Rb, Sr and REE 
concentrations of secondary carbonate compared to oceanic tholeiites (cf. McCULLOCH et ai, 1981), the 
Sr and Nd isotopic evolution of oceanic crust may not be significantly effected by the addition of 
secondary carbonate during low-temperature alteration processes, although some shifts towards more 
radiogenic Sr/ Sr might be anticipated due to Sr exchange with seawater. The generally radiogenic Pb 
isotopic compositions of many carbonatites may be attributable to uptake of uranium from seawater by 
basalt during low-temperature alteration, as was advanced by HOFMANN and WHITE (1982).
The geochemical and stable and radiogenic isotopic characteristics of carbonatites are therefore 
consistent with their generation from subducted oceanic lithospheric sources. That similar isotopic 
features are found in some late Archaean alkaline and carbonatite complexes, such as the Siilinjarvi 
Carbonatite Complex of eastern Finland and in the Poohbah Lake complex from the Superior Province of 
the Canadian Shield, suggests that subduction and recycling processes have operated since at least the late 
Archaean. Future detailed studies of carbonatite complexes of different ages may enable the geochemical 
and isotopic evolution of ocean-island sources throughout the Earth's differentiation history to be
determined.
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FIGURE 1. Trace-element abundances normalised to estimated primitive mantle abundances (from 
McDONOUGH et al., 1985 and NELSON et al., 1986) for carbonatites and a phonolite from Kaiserstuhl. 
Two groups are distinguishable; those possessing pronounced negative Zr and Hf anomalies typically 
accompanied by negative U anomalies and a second group (comprising the Walloway and Goudini 
carbonatites) which lack these features and generally possess relatively smooth trace-element patterns but 
with negative K anomalies. The latter group also have higher abundances of Si02 and the transition 
elements. Also shown for comparison is the field of trace-element patterns for some ocean-island basalts 
(from CHEN and FREY, 1983; THOMPSON et al., 1984 and PALACZ and SAUNDERS, 1986).
FIGURE 2. Chondrite-normalised rare-earth element patterns for carbonatites and the Kaiserstuhl 
phonolite. Chondrite values are those of TAYLOR and GORTON (1977). Thr rare-earth element patterns 
for two secondary (sedimentary origin) carbonate veins (from the Walloway region, South Australia) are 
also shown for comparison.
FIGURE 3. Initial eNd versus initial Sr/ Sr for carbonatites compared to the fields for MORB, Group 
1 (basaltic) South African kimberlites and alkali basalts from the St Helena isotopic type of ocean island 
(comprising St Helena, Ascension, Comoros and Austral ocean islands). The carbonatites have been 
separated into four age groups. Mixtures of a component isotopically resembling young carbonatite and 
the depleted MORB mantle reservoir could generate the isotopic characteristics of some ocean-island 
basalts. Additional data sources; RODEN et al. (1985); BARREIRO (1983); SMITH (1983); VIDAL et 
al. (1984); WHITE and HOFMANN (1982); O’NIONS et al. (1977); DUPRE and ALLEGRE (1980); 
COHEN and O'NIONS (1982a, b).
FIGURE 4. a) 206Pb/204Pb versus 207Pb/204Pb and b) 206Pb/204Pb versus 208Pb/204Pb for 
carbonatites compared to the field of mid-ocean ridge basalts and ocean-island basalts (dots). Some of the 
samples in Table 3 require relatively large age corrections, so only samples for which initial Pb 
compositions can be confidently determined are shown. In general, carbonatites have Pb isotopic 
compositions which fall along the array defined by MORB and ocean-island basalts. Data sources as in 
Fig. 3 and LANCELOT and ALLEGRE (1974); SUN (1980); GRÜNENFELDER et al. (1986), 
WILLIAMS et al. (1986) and TILTON et al. (1987).
FIGURE 5. Oxygen- and carbon- isotope compositions of carbonatites compared to the inferred mantle 
field (determined from isotopic studies of MORB, from DES MARAIS and MOORE, 1984 and KYSER 
et al., 1982) and to the field of sedimentary carbonate. Additional data from DEINES and GOLD (1973) 
and BLATTNER and COOPER (1974). The isotopically heavy oxygen and carbon of the 
volcanically-emplaced Goudini carbonatite may result from greater degree of isotopic exchange during its 
emplacement compared to intrusively-emplaced carbonatites. The trend toward isotopically heavier carbon 
and oxygen compared to inferred mantle compositions may be attributable to crustal interaction during
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emplacement, Rayleigh fractionation processes (ie; preferential loss of the lighter isotopes in volatile 
phases) or may reflect differences within the source regions of carbonatites.
FIGURE 6. a) Initial Sr, and b) Initial Nd isotopic composition versus age of emplacement for 
carbonatites worldwide. When the possible effects of crustal contamination are considered, there is a 
general trend to higher initial 0 Sr/ODSr and eNd for younger carbonatites. Analytical error limits are 
shown; no account has been made for error in the age determinations. Although this trend is relatively 
well-defined for the well-characterised Canadian carbonatites (see BELL and BLENKINSOP, 1987a), it is 
not confined to any one continent but is a global feature. Additional data sources; BELL and POWELL 
(1970); WELKE et a i, (1974); BLACK and GULSON (1978); STRACKE et al., (1979); BASU and 
TATSUMOTO (1980); BARREIRO (1983); NIELSEN and BUCHARDT (1985); GRÜNENFELDER et 
ai, (1986); BELL and BLENKINSOP (1987a,b).
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Table 2. Sr and Nd isotopic results for carbonatites and associated rocks.
Sample Rb Sr Sm NJ 87Rb/86Sr 87Sr/86Sr 147Sm/144Nd 143Nd/144Ndf ENd(0)# eNd
-------- ppm --------  meas initial
Australia
Strangways Range, Northern Territory (732 ±5 Ma; Black and Gulson 1978)
2015 Mudtank carb. 9.97 2731 18.23 116.3 0.0105 0.70329±5 0.7032 0.0948 0.5115112 -6.5 +3.2
Walloway/Terowie, South Australia (160 - 180 Ma; Stracke et al., 1979)
0009 carbonatite 2.91 999.4 16.61 126.8 0.0084 0.7054714 0.7054 0.0792 0.5117512 -1.6 +0.9
0081 carb. kimb. 4.66 1463 17.54 129.2 0.0092 0.7049014 0.7049 0.0821 0.5117212 -2.3 +0.2
0090 kimberlite 130 461.6 9.54 58.32 0.8170 0.7085* 0.0989 0.5119213 + 1.7 +3.8
Mt Weld, Western Australia (2060 Ma; Willett et al., 1986, this study)
MW-1 carbonatite 23.2 6033 40.88 244.5 0.0111 0.7023515 0.7020 0.1011 0.5105712 -24.8 +0.3
MW-2 carbonatite 18.6 7410 50.61 297.7 0.0072 0.7022016 0.7020 0.1028 0.5106012 -24.2 +0.4
Magnet Cove, A rkansas (97 Ma; Zartman et al., 1967)
MC-1 carbonatite 5.38 5597 5.35 33.53 0.0028 0.7036014 0.7036 0.0965 0.5119712 +2.6 +3.8
Kaiserstuhl, G erm any (16 - 18 Ma; Wimmenauer 1966)
K-2 carbonatite 12.6 17989 11.63 108.5 0.0020 0.7036214 0.7036 0.0648 0.5119912 +3.0 +3.2
K-3 carbonatite 10.6 15012 14.07 131.5 0.0020 0.7036814 0.7037 0.0647 0.5120112 +3.4 +3.6
K-l phonolite 157 4281 8.39 87.26 0.1057 0.7040613 0.7040 0.0581 0.5119612 +2.4 +2.7
K-6 phonolite 200 1435 6.75 60.74 0.2995 0.7042313 0.7042 0.0673 0.5119612 +2.3 +2.6
K-5 lava clast 165 991 8.56 49.01 0.4823 0.7043416 0.7042 0.1056 0.5119912 +2.9 +3.2
Fen, Norway («550 Ma; see Mitchell and Crocket 1970)
NBS-18 carbonatite 0.26 6457 22.82 127.3 0.0001 0.7028916 0.7029 0.1085 0.5116712 -3.3 +3.0
Jacupiranga, Brazil (130 Ma; Amaral 1978, Roden et al., 1985)
5961 carbonatite 1.53 5370 26.30 152.5 0.0008 0.7050716 0.7050 0.1043 0.5117814 -1.1 +0.5
5963 carbonatite 0.27 6161 15.79 88.27 0.0001 0.7052516 0.7052 0.1082 0.5117414 -1.9 -0.4
Uganda (17 - 22 Ma; Baker et al., 1971)
6336 Napakcarb. 0.930 1226 197.2 1453 0.0022 0.7032513 0.7032 0.0821 0.5119712 +2.7 +2.9
(25 - 55 Ma; Baker et al., 1971 )
6330 Tororo carb. 0.056 7100 60.31 354.2 - 0.7036013 0.7036 0.1030 0.5118712 +0.7 +1.1
6335 Sukulu carb. 0.063 2783 16.83 101.1 - 0.7031114 0.7031 0.1007 0.5119912 +3.1 +3.5
Kangankunde, Malawi (126 ±6 Ma; Snelling 1965)
3432 carbonatite 0.013 >20000 720 8620 - 0.7031314 0.7031 0.0505 0.5118713 +0.8 +3.1
Nachendazwaya, Tanzania («655 Ma; Snelling et al., 1964)
7122 carbonatite 0.48 3754 24.03 130.0 0.0004 0.7025114 0.7025 0.1118 0.5116012 -4.6 +2.5
Goudini, South Africa («1.2 Ga; Verwoerd 1966, Harmer 1986, this study)
33174 carbonatite 32.1 1637 34.98 187.4 0.0565 0.7038914 0.7029 0.1129 0.5111612 -13.2 +0.2
33176 carbonatite 1.18 3705 30.32 94.06 0.0009 0.7027214 0.7027 0.1949 0.5118012 -0.6 -0.4
 ^ Nd isotopic ratios normalised using ^ N d / ' 47Nd = 0.636151. BCR-1 standard measured in this laboratory is 0.511833±20. 
NBS-987 87Sr/8^Sr is measured at 0.71022±4, E & A standard carbonate is 0.70800±3. All errors quoted refer to within-run 
precision at the 95% confidence level.
# Epsilon notation calculated using ^ N d / ^ N d ^ j j ^  = O .S llS S ö .^ ^ S m /^ N d ^ ^ jj^  = 0.1967. Decay constants used are those 
recommended by Steiger and Jager (1977) and = 6.54 x 10’17 yr"*.
Rb-Sr concentration and isotope data from Stracke et al. (1979).
Table 3. Pb, O and C isotopic analyses of carbonatites and some associated rocks.
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Sample U Pb 238U/204Pb 206pb/204pb* 207Pb|/204Pb 208pb/204pb 5 18Osm ow  8 13CpDB
- p p m — me as initial meas initial
meas initial^
Australia
Strang ways Range, Northern Territory 
2015 Mudtank carb. 0.391 3.12 9.20 18.538 17.38 15.589 15.52 38.840 - +7.5 -3.6
Walloway/Terowie, South Australia 
0009 carbonatite 7.08 5.81 98.4 21.743 19.11 15.784 15.65 42.814 +8.3 -1.8
0081 carb. kimb. 7.71
0090 kimberlite 4.42 12.17 27.5 19.547 18.84 15.642 15.61 40.008 -
+12.2 -6.5
Mt Weld, Western Australia
MW-1 carbonatite 24.5 50.476 - 19.484 - 264.72 - +8.9 -5.6
MW-2 carbonatite 25.6 244.09 - 44.56 - 71.20 - +7.2 -5.4
M agnet Cove, Arkansas 
MC-1 carbonatite - - - - - +7.5 -5.4
Kaiserstuhl, Germany
K-2 carbonatite 2.38 3.73 47.7 19.357 19.23 15.604 15.60 39.288 39.1 +7.8 -6.5
K-3 carbonatite 5.70 3.57 119
19.334
19.487
19.21
19.17
15.626
15.601
15.62
15.59
39.351
39.263
39.2
39.3 +7.8 -6.6
K-l phonolite 19.07 35.05 40.9 19.490 19.38 15.673 15.67 39.493 39.4 - -
K-6 phonolite 2.52 30.43 6.19 19.197 19.18 15.673 15.67 39.468 39.4 - -
K-5 lava clast 2.26 3.91 43.3 19.573 19.46 15.646 15.64 39.357 39.2 - -
Fen, Norway
NBS-18 carbonatite 0.282 5.84 3.73 20.442 20.11 15.701 15.68 40.696 - +7.2 -5.0
Jacupiranga, Brazil
5961 carbonatite 0.013 4.58 0.20 17.273 17.27 15.457 15.45 37.970 37.9 +7.1 -6.1
5963 carbonatite 0.237 9.13 1.84 17.140 17.10 15.445 15.44 37.800 37.7 +7.3 -5.6
Uganda
6336 Napak carb. 0.566 40.52 1.08 20.719 20.71 15.780 15.78 40.379 40.1 +12.4 -2.0
6330 Tororocarb. 0.350 6.34 4.33 21.068 21.04 15.865 15.86 41.112 40.5 +11.1 -2.1
6335 Sukulu carb. 0.027 1.06 1.97 21.154 21.14 15.781 15.78 40.646 40.6 +7.3 -2.9
Kangankunde, Malawi
3432 carbonatite 0.077 89.3 0.065 20.115 20.11 15.772 15.77 39.660 - +5.5 -3.0
Nachendazwaya, Tanzania
7122 carbonatite 4.11 6.82 63.6 48.804 42.00 17.847 17.43 38.545 - +9.6 -4.2
Goudini, South Africa
33174 carbonatite 2.29 12.28 17.9 22.005 18.17 15.856 15.54 57.940 - +17.4 -0.5
33176 carbonatite 2.03 36.7 4.43 18.409 17.46 15.580 15.50 45.681 - +13.8 -2.4
* Analyses of NBS-981 common-Pb standard gave 206Pb/204Pb =16.927±0.009, 207Pb/204Pb =15.48610.013, 
208pb/204pb = 36 66810.044 (2o errors).
^ Corrections to 2^®Pb/2^4Pb made using Th/U ratio determined by INAA.
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A B S T R A C T
on o r
Many examples of highly potassic continental magmatism derived from enriched (radiogenic ° Sr/ Sr, 
unradiogenic 143N d/144Nd) mantle sources also have unusual Pb isotopic compositions with 
unradiogenic 206Pb/204Pb. Here we propose that the geochemical and isotopic characteristics of these 
magmas are consistent with the involvement of a low U/Pb crustal component, and that their mantle 
sources have been contaminated by sediments which were subducted into the mantle and stored for long 
periods within the subcontinental lithosphere. The increase in U/Pb of MORB and ocean-island reservoirs 
with time, as indicated by their position to the right of the geochron on the 206Pb/204Pb-207Pb/204Pb 
diagram, can be accounted for by the existence of substantial reservoirs of these low U/Pb components 
within the subcontinental lithosphere.
Key words: potassic magmatism, enriched mantle, sediment subduction, subcontinental
lithosphere, Sr, Nd and Pb isotopes.
IN T R O D U C T IO N
Despite a long history of investigation (see Gupta and Yagi 1980, for a review), the petrogenesis of the 
ultrapotassic suite has remained enigmatic. A number of recent isotopic studies (for example, McCulloch 
et al. 1983; Collerson and McCulloch 1983; Vollmer and Norry 1983; Vollmer et al. 1984; Fraser et al. 
1985; Nelson et al. 1986) have found that, in contrast to other mantle-derived magmas such as 
mid-ocean-ridge and ocean-island basalts, many examples of potassic magmatism possess highly 
radiogenic Sr and unradiogenic Nd isotopic compositions. Although these isotopic characteristics may 
have been acquired by extensive assimilation of continental crust, these studies have generally argued 
against the operation of crustal contamination processes in favour of an "enriched mantle" origin. The 
high Mg numbers and Ni and Cr contents of these magmas and the presence of mantle xenoliths (and in 
one case, diamonds) are cited in support of this. Furthermore, the extremely high contents of most 
trace-elements, including Sr and the REE, of these magmas make them insensitive to bulk contamination 
processes, requiring the assimilation of substantial amounts of crustal material to modify their Sr and Nd 
isotopic characteristics. As geochemical and isotope correlations indicative of mixing are evident in many 
potassic suites (for example, in the Italian, Spanish and Western Australian examples), most recently 
advanced petrogenetic models (e.g. McCulloch et al. 1983; Jaques et al. 1984; Vollmer et al. 1984) 
invoke partial melting of a lherzolitic or harzburgitic mantle source which has been variably contaminated 
by an incompatible-element- rich "metasomatic" component. However, the question of the ultimate 
sources of these "metasomatic" components, which presumably confer the enriched mantle isotopic 
character to the sources of potassic magmas, is rarely addressed and remains problematic.
Based on geochemical similarities with modem arc lavas, many recent studies (e.g. Thompson 1977; 
Edgar 1980; Civetta et al. 1981; Venturelli et al. 1984; Peccerillo et al. 1984; Peccerillo 1985; Rogers et 
al. 1985; Nelson et al. 1986) have argued for the involvement of subduction processes in the genesis of 
potassic volcanics of Italy and southeastern Spain. Trace-element characteristics of the Spanish lavas, 
such as their high Ba concentrations, low K/Rb, high Ba/La and REE patterns with negative 
Eu-anomalies (Venturelli et al. 1984; Nixon et al. 1984) are consistent with contamination of their
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mantle source by a component resembling modem sediments. Isotopic analysis indicates that the Spanish 
lavas possess Sr, Nd and Pb isotope ratios similar to those of modem sediments and, although possibly 
complicated by extensive high level crustal contamination in the more differentiated magmas (e.g. Turi 
and Taylor 1976), the involvement of a similar crustal component can also account for the isotopic and 
trace-element features of the Italian potassic suite (see discussion in Nelson et al. 1986). However, many 
other occurrences of potassic magmatism are confined to old stable cratonic regions and are not obviously 
associated with modem subduction zones (for example, Gaussberg, Western Australian, Leucite Hills, 
Sierra Nevadan and Virungan high-K lavas). In this study, new isotopic data for potassic magmas from 
east Antarctica and the Leucite Hills, Wyoming, are presented and the geochemical and isotopic features of 
these and other examples of continental potassic magmatism compared. A model is proposed in which 
the mantle sources of at least some examples of continental potassic magmas have also been contaminated 
by crustal components. As these magmas originate from great depths (i.e. within the field of diamond 
stability in the case of the Western Australian lamproites), we will argue here that these crustal 
contaminants were derived from marine sediments which have been subducted into the mantle and stored 
for long time periods within the subcontinental lithosphere. This interpretation reconciles the mantle 
characteristics of continental potassic magmatism, such as their high Mg numbers and transition element 
concentrations, with apparent crustal features such as their incompatible-element patterns and Sr, Nd and 
Pb isotope characteristics. Furthermore, the complex multistage U/Pb fractionation histories indicated by 
the unusual Pb isotopic compositions of these magmas are not readily explained by models advocating 
their generation entirely within the upper mantle or subcontinental lithosphere, but are consistent with 
our interpretation.
CHEMICAL AND ISOTOPIC CHARACTERISTICS OF CONTINENTAL POTASSIC 
MAGMATISM
Averaged element abundance patterns for potassic magmas from 4 separate localities, normalised to 
estimated primitive mantle abundances (from McDonough et al. 1985 and Nelson et al. 1986), are shown 
in Fig. 1. Diamond-bearing lamproites from Western Australia, leucitites from Gaussberg, high-K 
alkaline dykes from MacRobertson Land, Enderby Land and Queen Mary Land regions of east Antarctica 
and madupites, wyomingites and orendites from Leucite Hills, Wyoming, have remarkably similar 
geochemical characteristics. All are characterised by high Mg numbers (each locality averaging 
Mg(Mg+total Fe)>0.65 with the exception of Manning Massif, Mt Bayliss and Bunger Hills samples, 
which have Mg numbers of 0.58, 0.58 and 0.50 respectively) and high Ni and Cr contents, as well as 
high to extreme abundances of K20 , T i02, P20 5, S02, Cl, Ba, LREE, high K20/Na20  and
Fe /Fe , and relatively low abundances of A120 3, CaO and N a ^ . The ratios of highly incompatible 
elements of these magmas more closely resemble those of subduction-related magmas and pelagic 
sediments than those of anorogenic mantle-derived rocks. The arc-like Ba/La and Ba/Nb ratios of some 
examples of high-K magmas have been previously noted by Thompson et al. (1984) and Vame (1985). 
For example, the Western Australian lamproites possess high Th/U (averaging 5.8) and Ba/La ratios 
(36.6) and low K/Rb (146) and K/Ba ratios (6.07, average of 20 analyses by Jaques et al. 1984). 
Although these ratios may be affected by extensive fractionation of some mineral phases, such as leucite
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and phlogopite, there is no correlation between Ba/La and K/Ba ratios and differentiation parameters such 
as wt% MgO. Th/U and K/Rb ratios are respectively positively and negatively correlated with wt% MgO 
(i.e. olivine lamproites have generally higher Th/U and lower K/Rb ratios than leucite lamproites) 
indicating that although these ratios may have been influenced by differentiation processes, the high Th/U 
and low K/Rb are not due to crystal fractionation. The Western Australian lamproite values compare with 
ranges for pelagic sediments of 4.7 to 7.5 for Th/U (Elderfield et al. 1981; Thomson et al. 1984; White et 
al. 1985; considerably lower Th/U values, <0.1, may be typical of metalliferous sediments such as those 
examined by Veeh 1981), 7.2 to 47 for Ba/La (White et al. 1985, and average of 35 Walvis Ridge 
sediments analysed by Liu and Schmitt 1984), 240 for K/Rb (estimated by Kay 1980, and average value 
for 35 Walvis Ridge sediments from Liu and Schmitt 1984) and 8.6 to 9.9 for K/Ba (Kay 1980; Liu and 
Schmitt 1984). By contrast, ocean-island alkali basalts typically possess Th/U between 3.7 and 4.3 
(compilation by Galer and O'Nions 1985), Ba/La of 5 to 13, K/Rb of 370 to 900 and K/Ba between 12 
and 40 (from compilation by Morris and Hart 1983).
The results of Sr, Nd and Pb isotopic analysis of alkaline dykes from east Antarctica and of potassic 
volcanics from Leucite Hills, Wyoming, are given in Table 1. Detailed descriptions of the Antarctic 
dykes, including their geology, ages, petrology and major- and trace-element geochemistry, were presented 
by Sheraton and England (1980) and Sheraton (1983). The Priestley Peak melasyenite dyke has high 
Mg/(Mg+total Fe) of 0.71 and high Ni (298 ppm) and Cr (348 ppm) contents and may represent a 
near-primary magma. The exact emplacement age of the trachybasalt from Bunger Hills, Queen Mary 
Land, is unknown but is probably younger than Cambrian. Age-corrected Nd isotopic compositions of 
the Antarctic samples are all highly unradiogenic, with initial eNd values ranging from -9 to <-16. The 
Antarctic samples have high concentrations of both U and Pb (Table 1) and, with the exception of the Mt 
Bayliss dyke, have U/Pb ratios close to those estimated for the MORB mantle source from Pb isotopic 
studies of MORB. Corrections to 206Pb/204Pb for radiogenic decay of 23 8U since emplacement are 
small for the 50 Ma old Manning Massif tristanite and (because of its low U/Pb) the Mt Bayliss dyke but 
are considerably larger for the Priestley Peak melasyenite. Age corrections to the measured 207Pb/204Pb 
ratios are within analytical error for the Manning Massif and Mt Bayliss samples. The Manning Massif, 
Mt Bayliss and Priestley Peak samples have unusually high initial 207Pb/204Pb ratios combined with 
relatively low initial 206Pb/204Pb (see Fig. 2). Although its exact emplacement age is uncertain, the 
Bunger Hills trachybasalt also has high measured 207Pb/204Pb and low 206Pb/204Pb, requiring a 
multistage history of U/Pb variation with a relatively recent 238U/204Pb considerably less than 8. The 
measured 238U/204Pb of 8.24 is too high to be the cause of the retarded evolution of the 206Pb/204Pb 
ratio. Furthermore, as the high measured 207Pb/204Pb requires a long history (>1 Ga) of high U/Pb 
prior to the low U/Pb stage, the high 207Pb/204Pb of the Bunger Hills dyke is a feature that predates the 
time of its emplacement. The unusual Pb and Nd isotopic characteristics of the Antarctic samples, the 
general features of which are independent of any uncertainty introduced by the age corrections, are similar 
to those of lamproites from Western Australia (McCulloch et al. 1983; Fraser et al. 1985; Nelson et al. 
1986) and leucitites from Gaussberg (Collerson and McCulloch 1983; Nelson et al. 1986).
In thin section, the Leucite Hills samples consist of phenocrysts of phlogopite in a fine glassy 
groundmass and are therefore classified, following Kuehner et al. (1981), as wyomingites. Sr and Nd
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isotopic compositions (Table 1) plot within the fields previously determined for wyomingites by Vollmer 
et al. (1984) (see Fig. 3) and interpreted by them to indicate derivation from enriched mantle sources. 
Compared to other examples of potassic continental magmatism considered to be derived from enriched 
mantle sources, Leucite Hills potassic lavas have similar unradiogenic 143Nd/144Nd but have less
on o r
radiogenic ° Sr/ Sr (Fig. 3). The Sr isotopic differences displayed by these potassic suites may be due 
to differences in the Sr isotopic compositions of the "metasomatic" contaminants involved, to the 
existence of different long-term Rb/Sr ratios within the "metasomatised" source regions of the magmas 
and/or to differences in the time elapsed between enrichment and emplacement events. Our Pb results for 
Leucite Hills wyomingites are slightly more radiogenic than those reported for wyomingites by Salters 
and Barton (1985) but are comparable to their results for madupites. The wyomingites have unradiogenic 
206pb/204pb an(j relatively radiogenic 207Pb/204Pb ratios (Fig. 2) and plot to the left of the geochron. 
Their 208Pb/204Pb is particularly low compared to other examples of potassic magmatism, indicating a 
long time-integrated history of low Th/U. The isotopic characteristics of Leucite Hills potassic volcanics 
indicate a generally similar long-term history of Sm/Nd and U/Pb but generally lower Rb/Sr compared to 
other examples of potassic magmatism from Antarctica, Western Australia and Gaussberg.
The incompatible-element characteristics, radiogenic 87Sr/86Sr and 207Pb/204Pb and unradiogenic 
143Nd/144Nd of these examples of potassic magmatism may be attributed to the involvement of crustal 
contaminants. However, as discussed briefly earlier, these magmas are insensitive to crustal 
contamination processes because of their extremely high concentrations of trace-elements, including Sr, 
Pb and the REE. Geochemical considerations exclude their contamination by bulk assimilation processes 
because of the substantial amounts of crustal material required to modify their isotopic compositions. For 
example, because of the extreme degree of LREE-enrichment of these magmas, bulk assimilation of felsic 
granulite within the lower continental crust will effectively dilute their incompatible-element contents and 
should therefore produce a positive correlation between Nd concentration and eNd. In the case of the 
Western Australian lamproites, a correlation in the opposite sense was noted by McCulloch et al. (1983). 
Although selective contamination processes (for example, by highly LREE-enriched phases such as 
monazite or allanite) could account for this correlation, there is no evidence in the trace-element patterns 
(i.e. large positive Th or P20 5 spikes) of the assimilation of such phases, nor can they explain the Sr or 
Pb isotopic characteristics of these magmas. Crustal contamination via specialised mechanisms, such as 
volatile transfer or zone refining, is unable to account for the high Mg numbers and Ni and Cr contents or 
the presence of mantle xenoliths (and in one case, diamonds). An alternative interpretation which may 
account for the unusual geochemical properties of these magmas (i.e. their generally high MgO, Ni, Cr 
and low Al, Ca and Na contents combined with their apparently "crustal" incompatible-element ratios and 
isotopic compositions) is that they were derived from relatively depleted (Iherzolitic or harzburgitic) 
mantle sources which have been contaminated by incompatible-element-rich "metasomatic" components 
derived from subducted sediments.
The Pb isotope compositions of these examples of potassic magmatism indicate a history of U/Pb 
variation involving at least two stages; an earlier high U/Pb stage is required to generate the high 
Pb/ Pb while there is still sufficient of the p a r e n t U ,  followed by a low U/Pb stage to retard the 
increase in 2®^Pb/2^4Pb by the decay of the parent 23 8U (see Fig. 4). Long histories are required to
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generate these unusual Pb isotopic compositions. For example, modelling of the Pb isotopic 
compositions of the Western Australian lamproites (Nelson et al. 1986) indicates that their Pb cannot 
have differentiated from the mantle later than =2.1 Ga ago, and is probably much older. The Pb isotope 
ratios of these potassic magmas are unlike those of modem marine sediments, due to the histories of more 
recent low U/Pb. Because of the similar chemical behavior of uranium and lead during igneous processes, 
the dramatic fractionation events lowering the U/Pb ratios in the sources of these potassic magmas are 
considered unlikely to have been the result of magmatic fractionation/differentiation processes. However, 
an effective means of fractionating uranium from lead is by either weathering, sedimentation or 
hydrothermal processes at the Earth's surface, due to the greater insolubility of U4+ in aqueous systems 
under reducing conditions.
To investigate the possible involvement of sediments in the generation of potassic magmatism in 
more detail, further discussion of some aspects of the geochemical and isotopic properties of marine 
sediments is warranted.
THE CHEMISTRY OF MARINE SEDIMENTS
The isotopic characteristics of modern marine sediments vary with provenance, with most of the 
observed variation attributable to mixing in varying proportions of material derived from the upper 
continental crust (a continental detrital component) with that derived from the mantle (consisting of a 
hydrothermal component principally derived from oceanic spreading centers and a terrigenous component 
derived from young arcs). The proportion of each component derived from these sources varies depending 
on the element, with a large proportion of the Sr and most of the Nd found in oceanic sediments and 
manganese nodules derived from continental sources (Dasch et al. 1971; Addy 1979; Elderfield et al. 1981; 
Goldstein and ONions 1981). Most studies of oceanic sedimentary Pb have found relatively uniform Pb 
isotopic compositions with high 207Pb/204Pb and moderate 206Pb/204Pb (Chow and Patterson 1962; 
Dasch et al. 1971; Reynolds and Dasch 1971; Church 1973; Meijer 1976; Unruh and Tatsumoto 1976; 
Sun 1980; White et al. 1985) consistent with a predominantly upper continental derivation, although a 
study of metalliferous sediments from the Nazca plate (Dasch 1981) found Pb isotopic compositions 
resembling those of mid-ocean-ridge basalts, indicating that sediments located near oceanic spreading 
centers may contain a considerable proportion of mantle-derived Pb. The similar 206Pb/204Pb ratio of 
the MORB and continent-derived components results in relatively limited variation in the observed 
206Pb/204Pb ratio of modem sediments, whereas considerable variation is observed in 207Pb/204Pb due 
to the much higher 207Pb/204Pb of continental detritus relative to MORB.
If time-scales of mantle recycling of=108-109 years apply, possible differences in the geochemistry 
of Archaean and Proterozoic sediments compared to their modem counterparts and the effects of radiogenic 
decay during storage in the mantle must also be considered. As there are no modem equivalents to the 
extensive banded iron formations and chert sediments of the Archaean and early Proterozoic, sedimentation 
processes operating during the Archaean may have differed from those operating today. Geochemical (e.g. 
Taylor and McLennan 1981; McLennan 1982; McLennan and Taylor 1983; McLennan et al. 1984) and Nd 
isotopic studies (e.g. McCulloch and Wasserburg 1978; Hamilton et al. 1983; Miller and O'Nions 1985) 
suggest that Archaean clastic and chemical sediments were typically less LREE-enriched and isotopically
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less evolved than modem sediments. These features are believed to reflect the more mafic character of the 
Archaean continental crust from which the sediments were derived. Sr isotopic studies of chemical 
sediments (e.g. Veizer and Compston 1976) have found that many Archaean carbonates have 87Sr/86Sr 
values similar to that of the contemporaneous mantle, with a significant increase in 87Sr/86Sr occurring 
toward the end of the Archaean. The low 0 Sr/°°Sr of many Archaean carbonates was attributed by 
Veizer et al. (1982) to extensive interaction of Archaean seawater and ocean-floor basalts, possibly as a 
consequence of a higher Archaean geothermal gradient. It is likely that the Pb isotopic compositions of 
Archaean marine sediments were also influenced to some extent by this process. Continental crust was 
already well-differentiated by the late Archaean, however, and provided a source of radiogenic Sr and Pb to 
the marine environment. Oceanic sediments during the geologic past therefore probably possessed Pb 
isotopic compositions which varied with provenance from contemporaneous mantle to upper crustal 
values. The Sm/Nd ratio of modem oceanic pelagic sediments are generally similar to those estimated for 
the upper continental crust, implying that this ratio is not substantially fractionated by erosion and 
sedimentation processes. The Rb/Sr ratio is dependent on the clay/carbonate content and is more variable. 
However, the available data (Chow and Patterson 1962; Church 1973; Calvert 1976; Chester and Ashton 
1976; Unruh and Tatsumoto 1976; White et al. 1985) suggests that the U/Pb ratio of modern pelagic 
oceanic sediments is extremely variable and is commonly low, and may have been generally lower during 
the Archaean when the lower degree of oxidation of the Earth's atmosphere would favour the less soluble 
U4+ ion over U6+. If sediment subduction has been an important process throughout the Earth's 
evolution, this has important implications for the global U/Pb and Th/U budget, as will be discussed 
later.
Since the late Archaean at least, the Nd isotopic composition and Sm/Nd ratio of oceanic sediments 
were therefore probably similar to those of the contemporaneous upper crust, whereas Sr and Pb isotopic 
compositions were influenced by a combination of contemporaneous mantle and upper crustal inputs. For 
oceanic sediments containing a significant proportion of continent-derived Pb, fractionation of the U/Pb 
ratio during sedimentation will retard further isotopic evolution of their already radiogenic upper crustal Pb 
(Fig. 4). Although processes acting during subduction (i.e. dehydration or partial melting) may modify 
the chemistry of subducted sediments, their effect on the Rb/Sr, Sm/Nd and U/Pb ratios of sediments is 
dependent on the element partitioning effects of the various mineral phases involved in the subduction 
zone and is largely unknown. If the extent of such modification is not too severe, the Nd isotopic 
characteristics of subducted oceanic sediments following their storage within the mantle will evolve 
roughly parallel to the upper continental crust (i.e. towards highly unradiogenic Nd), due to the similarity 
of the Sm/Nd ratio of oceanic sediments and the upper continental crust. However, if extensive partial 
melting of the sediments occurs within the subduction zone, an increase in the Sm/Nd ratio of the residue 
is likely. The effect of this on the Nd isotopic evolution of the sediments is not quantifiable and depends 
on the extent of Sm/Nd fractionation. If the Sm/Nd ratio of the sediments following the extraction of a 
melt remains less than chondritic (i.e. they are still LREE-enriched) their Nd isotopic composition will 
remain unradiogenic, whereas if the sediments become LREE-depleted, they will evolve more radiogenic 
Nd during the period of their storage within the mande or the subcontinental lithosphere. The subducted 
sediments, or possibly a melt derived from both subducted oceanic crust and sediments, may become
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incorporated into the subcontinental lithosphere during or after periods of active subduction along the 
cratonic margin. At some later stage this modified lithosphere is reactivated, generating potassic 
magmatism derived from so-called "enriched mantle" sources.
SEDIMENT SUBDUCTION AND POTASSIC MAGMATISM
Although the effects of partial melting and mixing with the mantle must be considered, many aspects 
of the geochemistry of these examples of continental potassic magmatism are consistent with the 
involvement of a sedimentary component High Ba contents and Ba/La and low K/Rb are features which 
have been attributed to the involvement of sediment components in studies of island arc lavas (e.g. Kay 
1980; McCulloch and Perfit 1980). The generally high Th/U ratios may reflect the low U abundances in 
the sedimentary source or may have been compounded by preferential loss of U relative to Th from the 
subducted slab in exsolved fluids during dehydration (Newman et al. 1984). The highly variable oxidation 
state of this group of potassic magmas (Foley 1985), their high abundances of P20 5 (^3.3 wt%) and of 
volatiles such as F (<1.0 wt%), Cl (<0.1 wt%) and H20  (>6 wt%) (Sheraton and Cundari 1980; Sheraton 
and England 1980; Kuehner et al. 1981; Jaques et al. 1984), their variable but generally radiogenic Sr and 
their unradiogenic Nd are all readily explained by the involvement of sedimentary components. As the 
isotopic evolution of Pb in sediments may be severely retarded following its erosion from the continents 
and deposition in the ocean basins, the unradiogenic 206Pb/204Pb of these magmas may be an indication 
of the time elapsed during sedimentation and storage within the convecting mantle or subcontinental 
lithosphere, whereas variation in the 207Pb/204Pb may reflect the nature and age of the continental 
provenance.
The presence of diamonds in the Western Australian lamproites provides further support for the 
involvement of recycling processes, as an extremely wide range of 5 13C values (including values as low 
as -34 %o vs PDB) have been documented by carbon isotopic studies of diamonds from kimberlites and 
lamproites (Sobolev et al. 1979; Milledge et al. 1983; Swart et al. 1983; Ozima et al. 1985; Jaques et al. 
1986) consistent with an origin of some diamonds from sedimentary sources of carbon. A wide range of 
^Hc/^He ratios were also recently reported by Ozima et al. (1985) for diamonds. These authors interpreted 
the high 3He/*He ratios of some diamonds as indicating that they had remained closed systems for almost 
the age of the Earth. However, an alternative interpretation is offered by the recently confirmed high 
^He/^He ratios of some ocean sediments (Ozima et al. 1984) and manganese nodules (Sano et al. 1985), 
believed to be carried by interplanetary dust particles (Amari and Ozima 1985). Furthermore, a common 
mineral assemblage of diamond inclusions, olivine + knorringite-rich garnet + enstatite, has been 
attributed to recrystallisation of olivine + chrome spinel + enstatite cumulates within oceanic crust 
following its hydrothermal alteration and partial melting during subduction into the mantle (Ringwood 
1977). These data argue for the involvement of components derived from both subducted sediments and 
oceanic crust in the formation of diamonds.
Although these examples of continental potassic magmatism are not obviously associated with any 
known modem or past subduction zones, their unusual multistage Pb isotopic compositions indicate that 
a significant time period has elapsed between the event lowering the U/Pb ratio (i.e. sediment formation) 
and subsequent potassic magmatism. It is therefore not surprising that they are commonly not associated
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with the operation of modern subduction processes. That most are found intruding Archaean or early 
Proterozoic cratons provides indirect evidence that the sources of these examples of continental potassic 
magmatism are stored within the subcontinental lithosphere. Evidence for the operation of subduction 
during the Proterozoic has been presented for Antarctica by Craddock (1975) and the western American 
continent by Lipman et al. (1972).
Based on geochemical and Sr and Nd isotopic similarities between the Kimberley lamproites and 
orogenic lavas of the Sunda and Banda arcs to the north of the Kimberley craton, Vame (1985) proposed 
that arc volcanoes which have erupted K-rich lavas were tapping subcontinental mantle similar to that 
from which the Kimberley lamproites were derived. Differences between the Pb isotopic compositions of 
the arc rocks (White et al. 1983) and the lamproites (Fraser et al. 1985; Nelson et al. 1986) are not 
consistent with the direct involvement of the Kimberley lamproite source in the generation of the arc 
lavas. However, an alternative explanation for the isotopic characteristics of the Sunda arc lavas is that 
recently subducted sediments are involved in their genesis, as was suggested by White et al. (1983). We 
favour this latter explanation and interpret the geochemical similarities of the Western Australian 
lamproites and high-K arc lavas noted by Vame (1985) as providing further supporting evidence of the 
involvement of a subducted sedimentary component in the genesis of the Western Australian lamproites. 
The Pb isotopic differences are due to the involvement of comparatively younger, recently subducted 
sediments in the case of the arc lavas and, in the case of the lamproites, to the involvement of ancient 
subducted sediment components which have been stored for long periods within the subcontinental 
lithosphere of the Kimberley craton.
SEDIMENT RECYCLING AND MANTLE EVOLUTION
Unless subducted sedimentary components are well mixed with the mantle, the overall effect of the 
incorporation of high Th/U, low U/Pb sediments within the subcontinental lithosphere is a redistribution 
of Th, U and Pb within the continental crust and subcontinental lithosphere and its direct effect on the 
isotopic evolution of the Earth's mantle may not even be detectable. However, the position of MORB, 
ocean-island and upper continental crust Pb to the right of the geochron indicates that their sources have 
undergone either progressive or episodic enrichment in U relative to Pb, requiring the existence of a 
compensating reservoir from which U has been donated. This compensating reservoir should possess 
relatively unradiogenic Pb and lie to the left of the geochron. Although the Earth’s core (Allegre et al. 
1982) and the lower continental crust (O'Nions et al. 1979) have been advanced as possible reservoirs in 
which this missing unradiogenic Pb is stored, due to the operation of sediment subduction processes, the 
subcontinental lithosphere may also have acquired these characteristics. The existence of substantial 
reservoirs of low U/Pb, enriched mantle components within the subcontinental lithosphere can therefore 
compensate for the generally radiogenic Pb of the MORB and ocean-island source reservoirs.
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FIGURE CAPTIONS
Figure 1. Trace-element abundances (in order of increasing compatibility in garnet peridotite) 
normalised to the abundances estimated for primitive mantle (from McDonough et al. 1985 and Nelson et 
al. 1986) of potassic magmas from Western Australia (McCulloch et al. 1983; Jaques et al. 1984; Nixon 
et al. 1984; Nelson et al. 1986), Antarctica (Sheraton and England 1980; Sheraton and Cundari 1980; 
Sheraton 1983; Collerson and McCulloch 1983) and Leucite Hills (Kuehner et al. 1981; Vollmer et al. 
1984). Th and U abundances for Leucite Hills examples not available. The field of normalised 
trace-elements (hatched) for 4 sediments (3 slates and 1 pelagic mud composite) from Thompson et al. 
(1984) also shown for comparison.
Figure 2. Pb-Pb isotope diagram showing compositions of Western Australian lamproites and 
Gaussberg leucites (Nelson et al. 1986), Leucite Hills and Antarctic dykes (A =measured, A =age corrected 
compared to the field for mid-ocean-ridge basalts (Dupre and Allegre 1980; Cohen and O'Nions 1982).
Figure 3. Initial Sr-Nd isotope diagram showing fields for Western Australian lamproites (McCulloch 
et al. 1983), Leucite Hills high-K volcanics (Vollmer et al. 1984 and this study), Gaussberg leucitites 
(Collerson and McCulloch 1983) and the Priestley Peak melasyenite at its emplacement age of 482 myrs. 
Mid-ocean-ridge basalt field from Allegre et al. (1979) and White and Hofmann (1982).
Figure 4. Proposed mechanism to explain the Pb isotopic evolutionary history of this group of 
potassic magmas. As an example, a possible Pb evolution trajectory for Ellendale lamproite WAK-27L 
(analysis from Nelson et al. 1986) is shown. At time tj (3.0 Ga), Pb is extracted from the mantle during 
a crust forming event and evolves for some period in the high U/Pb upper crust. For the example shown, 
|i (238U/204Pb) is 13.75 for 1.0 Ga. At (2.0 Ga), this upper crustal Pb is eroded from the continent 
and deposited in the low 11 marine environment. These sediments are then subducted into the mantle and 
stored in the subcontinental lithosphere. For the example shown, p is 4.25 during this «2.0 Ga period.
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